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GAS PHOSPHORESCENCE. 


By C. C. TROWBRIDGE. 


HE present paper contains the results of a series of measure- 
ments of the rate of decay of the gaseous afterglow which is 
produced by the electrodeless ring discharge. It will be shown by 
the experiments to be described, that there is good reason for con- 
sidering that this afterglow is a true phosphorescence of the gas 
similar to that which occurs in solids, such as the sulphides of zinc 
and calcium and similar substances, and therefore the phenomenon 
which usually has been referred to by writers as the afterglow, 
has been called gas phosphorescence in this paper. 
The results of these experiments on the decay of the luminosity 
of a phosphorescent gas are presented in the following order: 
1. Conditions under which the gas phosphorescence is formed. 
2. A new photometric device for the measurement of the decay 
of phosphorescence. 
3. The general law of decay of gas phosphorescence. 
4. The relation of intensity of gas phosphorescence to gas pres- 
sure. , 
5. The change of the rate of decay with change of gas pressure. 


1. CONDITIONS UNDER WHICH THE GAS PHOSPHORESCENCE 
1s FORMED. 
The formation of gas phosphorescence depends on many con- 
ditions. Not only can the electrical discharge which produces the 
phenomenon be varied in many ways but the gas itself is subject 
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to changes in constitution as well as variation in gas pressure. The 
phosphorescence is affected by changes in all of these conditions. 
In a previous paper! an account was given of a series of experiments 
which consisted in producing the phosphorescence at different gas 
pressures and then determining the time it remained visible. The 
exciting discharge and other conditions were systematically varied. 

As these experiments were the first quantitative measurements 
made on gas phosphorescence a good deal was learned from them. 
A series of smooth curves was obtained showing the duration of 
the luminosity of the phosphorescence at various gas pressures. It 
was found that phosphorescence could be formed at a gas pressure 
as high as 2.4 millimeters and as low as about .02 millimeter. 
In the neighborhood of from .08 to 0.4 millimeter gas pressure, 
the glows were usually both bright and of long duration. The 
decay experiments to be described were made for the most part 
within the latter range of pressures. 

The color of gas phosphorescence in either air or in nitrogen is 
greenish yellow, which agrees with the observations of H. F. 
Newall.” 

The phosphorescence in air is probably chiefly due to the nitrogen 
in its composition, because it has been found that phosphorescence 
is more readily produced in nitrogen than in air. When it was 
difficult to produce a strong afterglow in air, a change of gas to 
nitrogen has always made it possible to obtain the desired results. 
Strong phosphorescence has been obtained in air, however, which 
at times has been of a very long duration. 

Form of the Discharge.—At high gas pressures, or in the neighbor- 
hood of 0.5 mm., a gas is usually made phosphorescent only by 
continued discharges in the electrodeless vessel. This is particularly 
the case when low electrical intensities are acting on the gas, but 
when once the phosphorescence has been formed it is usually very 
bright, and excited by a short discharge. On the other hand, at 
low gas pressures the gas responds more readily to the discharge 
and will usually show phosphorescence with a very brief excita- 
tion and with even small electrical intensities. In the latter case, 
however, the phosphorescence is relatively faint. 


1Trowbridge, Puys. REv., Vol. XXIII., No. 4, October, 1906. 
2Proc. Camb. Phil. Soc., Vol. IX., p. 295, 1897. 
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In the course of some experiments with other forms of tubes 
than the electrodeless type, it has been found that a good after- 
glow can be produced in a tube with the ordinary electrodes provided 





an oscillatory discharge of high frequency is produced in the tube. 
The phosphorescence thus formed has not been found yet to give 
very long duration but it is fairly bright and evidently of the same 
general nature as that formed by the electrodeless discharge. The 
experiments on the decay of gas phosphorescence have all been 


made with an electrodeless tube. 


2. A New PHoToMEetrRiIC DEVICE FOR THE MEASUREMENT 
OF THE DECAY OF PHOSPHORESCENCE. 
In order to measure the intensity of the phosphorescence of the 
gas at short intervals of time after its formation by the electrodeless 
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Fig. 1. 


Diagram of apparatus. J, induction coil; SG, spark gap; LL, Leyden jars; T, bulb 














for gas phosphorescence; P, pump connection; CS, comparison screen placed against 
T; see Fig. 4; M, carriage with lamp which moves to stops A, B, C, etc.; O, observer; 
K, keys operating coil, carriage, and chronograph; Ch, chronograph. 
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discharge and thus determine the rate at which the luminosity 
diminished, a new photometric device was constructed, and with 
it the measurements described in this paper were made. 

The method of determining the intensity of the phosphorescence 
consisted in a direct comparison of the luminosity of the phos- 
phorescent gas contained in a glass bulb with a screen which was 
illuminated by an electric lamp of known candle power. A diagram 
of the apparatus is shown in Fig. 1, the novel part of which is the 
mechanism for moving the photometer carriage which carries the 




















Fig. 2. 

Photometer carriage. M, movable base which slides on track T; L, a lever which 
operates on projection P and locks the catch C; E, electromagnet for releasing the 
catch C,so that the carriage can move to the next stop; H, handle for adjusting with 
one movement all of the air check stops; J, incandescent lamp about 6c.p.; W, W, 


wires leading to storage battery. 


electric lamp so that a number of different photometric settings 
can be made in quick succession. This carriage is controlled elec- 
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trically in such a manner that by means of a contact key in the 
hands of the observer, a complete set of readings for a decay of the 
phosphorescent gas giving a number of intensities and corresponding 
times is recorded by use of the key alone. A long collimater tube 
is used for observing the comparison screen and the gas phosphores- 
cence in order to make the latter appear as if it were a luminous 
plane surface. A photograph of the electrically controlled carriage 
of the photometer is shown in Fig. 2. The carriage M runs on a 
track 7, made of two brass rods 3.5 meters long, which are under 
strong tension. It is so controlled that it can be moved rapidly 
by means of weights along the track to different stops at the will 
of the observer. This is accomplished by 
a small electromagnet on the carriage 
which operates acatch. The latter holds 
the carriage at certain stops, A, B, C, 
etc., until released by the electro-magnet. 





(These stops are not shown in Fig. 2.) 
The connection between the observer's 








key and the electromagnet on the carri- 
age is made by means of the brass photo- 
meter track. The comparison electric 





lamp can thus be moved by steps from A 








to a new position B, and then to C, etc., 








away from the screen which it illumin- 
ates, the latter being placed close to the 
tube containing the phosphorescent gas. 





The apparatus for moving the photometer 
carriage is shown by Fig. 3. 
When a set of readings is to be taken 





the luminosity of the comparison screen is 
made less bright than the initial intensity Fig. 3. 
of the gas phosphorescence by prelimin- Device for moving the 
ertal Th h h ° photometer carriage. P, pho- 
ary trials. e gas phosphorescence is tometer bar supporting the 
then formed and when it fades to a lu- _ brass tracks; V.air check stop 
minosity equal to that of the screen, the ° 4'testing the movable car- 
k P d th . : riage; W, weights with set of 
ey is pressed an € carriage MOVES uteys: R, rubber bands for 


from A to the next position B. The key producing decreaing tensions. 
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both registers the time of the observation on a chronograph and 

sets the standard lamp in a new position for a reading at a lower 

intensity of the phosphorescence. The readings can be readily 

taken. Seven different intensities of the phosphorescent gas can 

be recorded in about ten seconds, if it is necessary to make the 
observations rapidly. 

Some difficulty was experienced in making the carriage move 

quickly enough in the portion of the photometer track corresponding 

to the first stage of the decay of the gas 

phosphorescence. The desired rapidity of 

movement was accomplished by attaching 

strong rubber bands directly to the weights 

as shown in Fig. 3. Since a system of pul- 

HC leys is used in applying the force due to 

the weights a contraction of the elastic 


T bands of a few centimeters is made to cor- 





respond to a movement of about a meter 
cs : oak 
on the photometer track. This auxiliary 
traction force produces a rapid movement 


of the carriage at first, but its effect be- 








comes gradually less as the carriage moves 





Fig. 4. along the track which is exactly what is 

Discharge bulb and helical desired. <A helical steel spring is now used 
coils for producing phosphor- in place of the rubber bands. The time 
escence by the electrodeless a 7 
discharge. HC. helical coils When the exciting discharge ceases and the 
in parallel; T, tube con- decay of the phosphorescence begins is 
stricted in the middle to re- a tomatically recorded on the chrono- 
move influence of discharge; > . 
CS, comparison screen of gtaph. The arrangement of the coils for 


green paper. producing the electrodeless discharge is 
shown in Fig. 4. 


3. THE Law or Decay OF GAs PHOSPHORESCENCE. 

The first measurements of decay of the gas phosphorescence with 
the apparatus just described proved sufficiently accurate to demon- 
strate that the equation for the rate of decay in terms of the inten- 
sity and the time is the same as that for phosphorescent solids. 
The expression is as follows: 
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[= — 4 
(a + dt)? 
This formula was originally suggested as an empirical one by E. 
Becquerel and has been verified by a large series of experiments on 
phosphorescent solids by Nichols and Merritt! in their extensive 
studies in luminescence. 

The observations contained in Table I. represent typical decays 
of gas phosphorescence, and shows the time that the phosphores- 
cence remains bright enough to take satisfactory readings of 
intensity. The value of the intensity J is an arbitrary one, and in 
most of the experiments was the light reflected from a paper screen 
illuminated by a 110-v. electric lamp of 6.4 candle power placed 
69.3 centimeters distant from the screen, which was tinted green 
to match the color of the gas phosphorescence. 

I, at position A, was given the value of 100 for convenience. 

As stated in a previous paragraph, in order to make an obser- 
vation of a decay all that is required is that the readings should 
be registered with the key. The apparatus was thus designed 
so that the attention of the observer could be as far as possible 
entirely concentrated on the photometric comparisons, which ap- 
pears to be a very important requisite for accurate observa- 
tions of this kind. Moreover in experiments on gas phosphores- 
cence there are more conditions to be controlled, and therefore 
more that may divert the attention of the observer than in the 
case of experiments on phosphorescence in solids. The results of 
the measurements are better than might be expected for those 
based on rapid photometric observations and the smallness of the 
experimental error can be seen by an inspection of the observations 
in Table I. and also some of the curves given in the figures based 
on the observations of but one decay of the phosphorescence, 
namely, curves A and B, Fig. 5, and A to F, Fig. 6. 

For convenience in plotting curves of intensity and time the 
stops on the photometer track were made to correspond with simple 
fractions of that intensity which corresponded to the first stop on 
the track. 

The measurements of decay of gas phosphorescence were made 

1Puys. REv., Vol. XXII., No. 9, May, 1906, etc. 
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with a good deal of difficulty because they were often prevented 
on account of one of the two following conditions: (1) The low 
degree of the intensity of the phosphorescence. (2) The rapidity of 
the rate of decay of luminosity. Even under what appeared to be 
proper conditions for exciting the gas it was not always possible 
to obtain a strong phosphorescence. 


TABLE I. 


Observations of the Decay of Gas Phosphorescence ( Nitrogen). 


Intensity | . | No. 8. | 0.87. | No. . | No. &&. 
(/ = 106). Excitation Ex ation Excitation Excitation 
vi 4.2 Seconds. | 4.1 Seconds. | 3.95 Seconds. | 4.2 Seconds. 

Sec Sec. | Sec. Sec. 

100 } 100 | 3.47 3.77 3.70 3.30 

50 | Ad 5.62 | 5.95 5.85 | 5.50 

25 | .200 | 872 8.95 | 8.85 8.85 

15 |  .258 11.50 11.80 11.30 11.80 

10 | 316 14.74 15.10 | 14.60 14.67 

6 | 408 | 19.72 19.05 | 19.50 | 19.00 

35 | 534 | 25.5 22.9 | 25.65 | 24.95 


Nos. 86-89, four successive decays, spark-gap of induction coil 8 mm. or equivalent 
to 30 volts per centimeter acting on the gas. 


The conditions under which the observations of the two decays 
of the phosphorescence A and B were made, which are plotted in 
Fig. 5, were approximately the same. The curves are nearly alike, 
but show the following difference: when the reciprocal of the square 
root of the intensity, J~, is plotted with the corresponding times, 
one curve, A, is quite straight, while the other, B, is slightly bent 
away from the ¢ axis. This curve B shows two rates of decay, 
both in accord with the expression 1//J = a + bt. This upward 
bend was found in many subsequent observations, and thus far 
has almost always been very slight. An exception was found in one 
series at a very low gas pressure (.045 mm.) in which the bend was 
very prominent. The curves in Fig. 5 were selected for illustration 
because although under apparently identical conditions in one, A, 
the rate of decay is constant while in the other, B, there are two 
rates of decay. 

The small change in the rate of decay indicated by the bend 
in the line, B, and in other similar curves was at first attributed 











No. 2.] RATE OF DECAY OF GAS PHOSPHORESCENCE. 137 


to instrumental errors, but when most of the curves showed the 
slight bend and after the apparatus had been remeasured carefully 
it was necessary to conclude that the bend was due to a slight 
change in the rate of decay. The significance of this bend will be 





Time in Seconds 
o 1 2 3 46 5 6 7 & ® © M1 12 13 146 15 16 17 16 19 2 21 22 3m BS 


Fig. 5. 


Decay of phosphorescence in air. A isastraight line, B shows a slight upward bend, 
when I~? is plotted, instead of IJ. C is slightly convex towards the axis of ¢. 


discussed later, as certain of the experiments to be described show 
some effects which seem to indicate the cause of this upward bend 
in the curves. 

The gas pressure in the case of the decays A and B shown by 
curves in Fig. 5 was 0.22 mm. and the electrical intensity acting 
on the gas which produced the phosphorescence was about 30 volts 
per centimeter. 

The precise value of the electrical intensity is uncertain because 
it could only be determined by a test coil placed within the helical 
coil which was used to excite the phosphorescence. 

Effect of Successive Discharges.—Fig. 6 contains six curves of the 
decay of phosphorescence in atmospheric air which were made under 
the same conditions and in succession. They are plotted in terms 
of the reciprocal of the square root of the intensities of phosphores- 
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cence and the corresponding times, giving thus the straight line 
form of the curve, 

I 

2 = a + bt. 
If the curves were plotted with reference to the same axes they 
would overlap, hence in order to show each curve by itself they 
are separated in the figure by displacing the ordinates, J~, a 
different amount for each decay curve. 

A comparison of the curves shows that the lines are nearly parallel, 
indicating that the rate of decay is the same in all. Furthermore 
while the lines are not perfectly 
straight throughout their length 
certainly they show no tendency 
to bend towards the axis of f, 
as do the corresponding curves 
in the case of the decay of phos- 
phorescence in solids, as _ illus- 
trated by the decay of phos- 
phorescent zinc sulphide shown 
in Fig. 7, but on the contrary 
all the curves show a slight bend 
convex to the axis of ¢. The 
curves also do not show any 


systematic variation in the point 





Time in Seconds 
o1i23@485 678 8 WOH 2D 


Fig. 6. 


Six decays of phosphorescence in air é . 
showing that the rate of decay b (the phosphorescence is obtained the 


where they intercept the axis 
of y, and since from the y in- 
tercept the initial intensity of 


slant) is approximately the same after jntensities are approximately 
successive excitations. Incurves B to F tl : Se tn evidient thet i 
the ordinates J—} are displaced (y+D, y ae Coe. .  evicen — 
+2D, etc.) in order to separate the curves. this case very little change in the 

nature of the gas or in the gas 
pressure occurred during the time occupied by the measurements of 
the six decays. The small experimental error of the separate obser- 
vations is demonstrated since the points fall very close to the straight 


line in all cases. It is shown from these curves (A-F, Fig. 6) that 
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if conditions are kept constant, successive curves if few in number 
will not vary appreciably in the value of the slant (4) or in the y 
intercept (a), hence these constants in the expression 1//] =a + bt 
will remain the same. This fact has an important bearing on a 
series of experiments described later on in this paper relating to 
the measurement of the variation of initial phosphorescence with 
the change of gas pressure. It is however evident from other experi- 
ments that a large number of discharges change the nature of the 
gas and reduce the gas pressure, hence the evidence of this series 
of observations holds only for a small number of consecutive 
discharges in the electrodeless vessel. 


COMPARISON OF THE DECAY OF PHOSPHORESCENCE IN A 
GAS AND IN A SOLID. 

A comparison between the decay of gas phosphorescence and the 
decay of the phosphorescence of a solid such as sidot blende 
(phosphorescent zinc sulphide) is shown in Fig. 7. The luminosities 
in the two examples of phosphorescence used in the comparison 
are of the same order of magnitude. A is a decay of gas phos- 
phorescence, B a typical decay of phosphorescence of zinc sulphide. 
The observations for both were made on the phosphorescent pho- 
tometer by the writer and the observations are plotted in Fig. 7 
on the same scale, but the intensities are not exactly comparable 
because it was necessary to place a green tinted screen in front of 
the comparison lamp when making the measurements of the decay 
of phosphorescence of zinc sulphide. The initial intensities of the 
gas and solid phosphorescence are very nearly the same as shown 
by the converging curves, the value of J being somewhat less 
in the case of B owing to the use of the colored screen. 

The curves serve to illustrate the character of the two types of 
phosphorescence. In the phosphorescence of the gas the rate of 
decay is nearly the same throughout, there being a slight upward 
tendency of the line at the end, while in the phosphorescence of 
the zinc sulphide the rate of decay changes, being slowest for long- 
time phosphorescence. This change in the rate of decay in solids 
as shown by Nichols and Merritt! may be due to irregular distribu- 


IPuys. Rev., Vol. XXVII., No. 5, Nov., 1908. 
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tion of the active material and absorption effects, or it can be ac- 
counted for by assuming the presence in the solid of two phosphor- 
escent substances which decay at different rates; a solution which 
has been suggested by other writers. Whatever may be the true 
explanation, in a gas the conditions are perhaps relatively more 


loc 





Time in Seconds 
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Fig. 7. 


Decay of phosphorescence in air, A, and phosphorescence of zinc sulphide, B. 


The comparison of the intensities is approximate only because it was necessary to tint 
the standard light slightly with a green screen in the case of B. 


simple resulting in a constant rate of diminution of luminosity. 
Thus in the formula 1//J = a + bt, 6 remains nearly constant in 
most cases of gas phosphorescence, while it changes in the case 
of the phosphorescence of solids. The rate of decay in the two 
curves in Fig. 7 is quite similar but the fact must be kept in mind 
that the rate of decay in both types of phosphorescence may vary 
considerably, and depends in both cases on the condition of the 
phosphorescing matter, and on the method of excitation. 


4. THE RELATION OF INTENSITY OF GAS PHOSPHORESCENCE 
TO GAS PRESSURE. 


The intensity of luminosity of gas phosphorescence depends on 
various factors of the exciting discharge and on the condition of 
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the gas itself. In gas phosphorescence the change of gas pressure 
brings in a new type of variation in the condition of the luminescent 
substance which is not found in solids, and it is therefore of special 
interest. The effect on the intensity of the phosphorescence pro- 
duced by a variation of gas pressure has been studied experimentally 
and the facts determined are presented below. 

In the course of the decay experiments it was found that the 
intensity of luminosity of the phosphorescing gas depended in a 
marked manner on the pressure of the gas, and that the intensity 


Time in Seconds 





0 
o 12 3 4 & 6 7 8 9 W M 12 13 1446 15 16 17 18 18 
Fig. 8. 
Decay of gas phosphorescence at different gas pressures. Curves B and C are at 


approximately the same pressure but have different rates of decay. Note the marked 
decrease in initial intensity in the case of curve A, which is at lower pressure. 


was very much less when the gas pressure was low than when it 
was high. 

That this is the case is demonstrated by an inspection of decay 
curves A, B and C in Fig. 8. In A the phosphorescence formed 
at a gas pressure of 0.139 millimeter give an initial intensity of 
81 (an arbitrary value depending on the scale of the figure), and 
B formed at 0.227 millimeter which gives an initial intensity of 
560, on the same intensity scale. A further inspection shows that 








142 C. C. TROWBRIDGE. (VoL. XXXII. 


the straight line form of curves A and B are nearly parallel in- 
dicating that the intensity of B was greater throughout than A, 
both having about the same rate of the decay. Decay C was ata 
gas pressure of 0.222 millimeter but slightly differing from that 
of B, yet a marked difference in the rate of decay is shown, although 
the initial intensities of the two were approximately equal. 

Thus it is evident that the rate of decay may vary considerably 
while the gas pressure remains constant. The cause of this varia- 
tion in the rate of decay has not yet been determined. 

In order to study systematically the effect of change of gas pres- 
sure on the phosphorescence, a series of glows were formed as far 
as possible under exactly like conditions; and the decay curves 
determined. The gas pressure was then varied a small amount 
and another series formed. In this way the gas pressure was changed 
by seven steps from 0.44 millimeter to 0.08 millimeter. 


TABLE II. 


Relation of Initial Intensity of Phosphorescence (Io) to Gas Pressure (p). 





a 


Set. Gas Pressure a Initial Inten- PZ Vly 
(7) mm. Sity, 4. “0 p 
Al 440 007 20,400 27.08 61.4 
B 323 .0148 4,567 16.59 51.3 
C 257 0213 2,200 13.01 50.6 
D .192 .0333 902 9.66 50.3 
E 144 0524 364 7.14 49.6 
F .106 .0760 173 5.58 52.3 


G ; .O80 .126 63.3 3.99 49.8 

The results are shown in Table II. The value of a, from which 
the initial intensity of the phosphorescence was computed, is given 
in the third column and was determined for each pressure as follows: 

From four to six decays were measured at each pressure. 

These decays were plotted on a large sheet of cross-section paper, 
and the y intercepts (a) averaged. A mean curve was also drawn 
from the averaged values of ¢ for like intensities, and another value 
of the y intercept found. The mean of these two values was used 
for a, given in Table II. The errors arising from this graphical 


1The value of Jo in series A was unreliable owing to the fact that for small values of 
a the error in determining a by the graphical method became relatively large. 
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method of determining the value of a were thus minimized. The 
fourth column in Table II. contains the initial intensity (1/a?) 
designated by Jo, and the fifth the cube root of Jp. The seventh 
contains the cube root of Jo divided by the gas pressure, which is 
seen to be a constant. The variation in this constant is small 
except in the measurements at the highest gas pressure 0.44 milli- 
meter, but the reason for the discrepancy at this pressure is evident 
enough, since the y intercept was so close to the axis of x as to 
make a small error in determining the y intercept produce a large 
error in the value of a and Jo. It is however also to be considered 
that the gas pressure 0.44 millimeter is very near the pressure value 
where it has been found, in work previously done, that the intensity 
is very variable, and where even the phosphorescence is sometimes 
not formed, hence uncertainty at this highest pressure was to be 
expected. There was no way to determine the initial intensity at 
this pressure and its value must be regarded as uncertain, rather 
than one that is not consistent with the law shown by the values 
found at other pressures. It is seen that the initial intensity varies 
with the cube of the gas pressure, or, 


In = Cp’. 


In this formula the constant is, of course, dependent on the value 
assigned to J and on the various conditions under which the phos- 
phorescence is formed. 

In these experiments the duration of excitation was made approxi- 
mately four seconds, or as near to this interval as a hand key 
could be timed to the sound of a relay. A variation in the intensity 
of the phosphorescence occurs with a change of time of excitation. 
Since however in four seconds the intensity had nearly reached a 
maximum the errors arising from the fact that the duration of the 
electrodeless discharge was not exactly equal were probably small. 
The electric intensity acting on the gas was about 30 volts per 
centimeter, according to some experiments made with a test coil, in 
series with a small variable spark gap, the voltage being obtained 
from Paschen’s! tables. The sparking distance across the terminals 
of the secondary of the induction coil was eight millimeters. 


Wied. Ann., 37, 1889. 
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Time in Seconds 
ot 2 3 # & © 7 &© @ W IE 12 13 14 1S 16 17 18 19 20 21 22 23 26 25 2 27 28 2 


Fig. 9. 


The decay of phosphorescence in nitrogen gas at gas pressures from 0.44 mm. to 
0.08 mm. The approximate values of a are indicated by the y intercept. 

A, 0.440 mm. gas pressure; B, 0.323; C, 0.257; D, 0.192; E, 0.144; F, 0.106; 
G, 0.080. 


The gas used was atmospheric nitrogen, containing the usual 
impurities which accompany it, when it is obtained from air by 
the oxidation of phosphorus, probably including some oxygen. 

In these experiments it was thought not advisable to attempt 
to use very pure gas until something could be learned of the general 
laws of gas phosphorescence. The gas was not freed from mercury 
vapor and when pure gas is used this should be done. 

Indeed the mercury vapor may play a very important rdéle in 
the behavior of the gas phosphorescence and the gas in these experi- 
ments should be considered a mixture of nitrogen and mercury 
vapor. On the other hand experiments by H. F. Newall,’ P. Lewis’ 
and the writer’ seem to agree that the phosphorescent glow in 
nitrogen is stronger than in some other gases, and has a yellowish 
color which is quite characteristic. 

Fig. 9 contains the mean curves of the decays at each pressure 
given in Table II., the straight line form of the curves being alone 
used. The change of initial intensity with the change in gas pres- 
sure is shown by the y intercepts of the various curves. 

In Fig. 10 the initial intensities and the gas pressures are plotted 


1Newall, |. c. 
*Lewis, Astrophys. Jour., XII., July, 1900. 
3Trowbridge, 1. c. 
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Initial Intensity (1) 





Fig. 10. 


Initial intensities of gas phosphorescence Jo (J at zero time) and corresponding gas 


pressures. J is taken at 100, and is the intensity of the comparison screen illumined by 


a 6.4-c.p. lamp placed at a distance of 69.3 cm. 


Initial Intensity (1) 





Fig. 11. 


The cube root of the initial intensity of gas phosphorescence and corresponding 
gas”pressures. The curve appears to pass through the origin. 
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showing an even curve. In Fig. 11 the cube root of the initial 
intensities and the corresponding pressures are plotted showing the 
relation J) = Cp*® to betrue. It is noteworthy that the straight 
line obtained passes directly through the origin. The value of the 
cube root of the intensity for gas pressure at 0.44 millimeter is 
omitted as being unreliable as already explained. 


5. CHANGE IN THE RATE OF DECAY WITH CHANGE OF GAS 
PRESSURE. 

General Considerations.—There are several causes which bring 
about a change in the rate of decay of the phosphorescence of a gas. 
Among these is that of continued sparking of the gas. Another is 
one which produces a gradual change in the gas when it is left in the 
bulb and pump with no discharges for a considerable time, a matter 
of days, and without the admission of new gas. The explanations 
of these effects are difficult to determine, and they are not known; 
the rate of decay appears to depend on the susceptibility of the 
gas to the passage of the exciting discharge. There is evidently 
also a hysteresis effect which makes the behavior of the phosphores- 
cence depend on the previous history of the gas, although the 
electrodeless discharge itself appears to suffer no alteration. There 
are certainly changes in the gas which last for hours or longer after 
a series of discharges have passed through the gas, which affect 
both the subsequent intensity of the phosphorescence as well as its 
rate of decay. 

Change of Gas Pressure-—The effect of a change of gas pressure 
alone on the rate of decay is clearly illustrated by Fig. 9, where the 
decays at seven different pressures are seen to vary greatly. The 
computed values of 6 in the formula 1//J = a + Dt, or the slants 
of these curves are given in Table III. In Fig. 12 acurve is drawn 
with the values of } as ordinates and the gas pressures as abscissas. 
As the pressure is reduced by steps from 0.44 millimeter the rate 
of decay diminishes until it reaches a minimum value of } of 
about .0175 at a gas puressre of 0.28 millimeter after which 5 
increases down to the lowest pressure used in this particular series 
of observations, or .08 millimeter. It is interesting to note that 
this point of maximum duration is near the gas pressure at which 
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the electrodeless discharge is most easily started, and although 
slowest in rate of decay it is not as bright as at higher pressures as 
shown by the results given in a previous paragraph. 

Omitting the highest pressure value of b (p .44 mm.) the curve 
was found by trial to be not much different from a parabola in form. 
It is necessary to state that in all these curves, especially where the 
rate of decay is concerned, there are probably conditions which 
have slightly affected the form of the curves, due perhaps to a sort 
of hysteresis, and which, in the present stage of the investigation, 
it is not possible to control. This is illustrated by Fig. 8 where 
the curves show a marked difference in rate of decay at the same 
gas pressure, with apparently quite similar exciting conditions of 
the discharge. 

In the observations on which the curves in Figs. 9-12 are based 
particular care was taken to keep all conditions the same except 
the systematic change of gas pressure, and the fact that the indi- 
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Fig. 12. 
The change of rate of decay of phosphorescence with change of gas pressure. The 
decay is slowest at about .28 mm. gas pressure. 


vidual decay curves at each of the various pressures had approxi- 
mately the same value of 6 make it appear that the results are 
fairly free from error. It was, however, noticed that both in the 
values of the initial intensity determined and in the value of 0 
there was a very slight progressive change which was due to a 
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corresponding change in the gas pressure, since the gas pressure 
is reduced a small amount by every discharge in the electrodeless 
vessel, but this very small progressive change was taken care of 
as far as possible by averaging both the gas pressures and the 
values of the slant in each set. 




















TABLE III. 

Relation of the Rate of Decay (b) to Gas Pressure. 

Gas P Cc d Gas P c “7 
oe, [Cuereen| Souter, | ot [Cer | Saarert 
A | 44 0214! E | 144 | .0240 
B 323 .0191 F .106 .0263 
Cc 251 .0177 G .080 .0299 
D .192 02 11 | 





Hysteresis Effects—In the case of solids which phosphoresce it 
has been shown by Nichols and Merritt that there is an effect 
produced on the solid when it is made phosphorescent which does 
not disappear when the phosphorescence ceases and which affects 
the subsequent phosphorescence in a marked manner. The solid 
may, however, be made to return to its original condition by allowing 
the infra-red rays from some source such as an arc light to fall on 
the solid. In the case of gas phosphorescence there appears to 
be a similar effect on the gas produced by the excitation. 

The nature of this effect on the gas produced by the stimulating 
discharge has not been discovered. A number of experiments have 
been made to determine if the heating effect of the discharge on 
the glow affects the conclusions drawn from the curves in this 
paper, and it is apparently evident that it does not do so. It is 
sometimes necessary to pass a discharge again and again through 
a gas before it will phosphoresce regularly and brightly, hence 
all the measurements of the decay made and here described should 
be considered as dealing with a gas which is in the susceptible 
condition where like discharges will produce approximately equal 
degrees of phosphorescence, and it is partly on this account that 
hysteresis effects do not need to be considered as affecting the re- 


1The value of d in all cases except in set A was computed from the formula 1/V I= 
a+bt. In set A the value of a being unreliable b was determined graphically. 
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sults obtained. If it was possible to obtain decays of gas phos- 
phorescence free from the after effects of previous discharges, a 
series of curves could be obtained which would no doubt be 
slightly different than those presented in this paper. On the other 
hand, it is extremely doubtful if these would show different general 
laws than those determined. 


SUMMARY OF THE EXPERIMENTAL RESULTs. 


In conclusion the results of the foregoing experiments on lumines- 
cent gases may be summarized as follows: 

1. Form of the Decay Curve-—The decay of the phosphorescence 
of air and nitrogen is expressed by the relation 


I 
'* oe bt)? 


The curves obtained by plotting the values of J~ as ordinates 
and the corresponding values of ¢ as abscissas is approximately 
a straight line for a considerable range of ¢. A small variation in 
b (the slant) has been observed however in many curves making 
the curve slightly convex towards the axis of ¢. In other curves 
the rate of decay seems to change at one point only, making two 
rates of the decay, the more rapid decay being for long-time phos- 
phorescence. The effect is exactly opposite to that observed in 
phosphorescent solids. 

This change in the rate in the decay curves of gases may be 
due to a change in the pressure of the gas due to its heating by 
the discharge. That this is at least one cause is indicated by a 
series of experiments made for the purpose of inquiring into this 
upward bending in the decay curves as ¢ increases. Except in one 
series of decays at low gas pressures this change of 6 (the slant) 
has been so slight in most cases as to be readily overlooked. The 
relation may be considered therefore as approximately a linear one. 

2. Relation of Intensity to Gas Pressure——The phosphorescence 
of a gas when it is formed at various pressures increases very rapidly 


in intensity with increase of gas pressure. This is apparently true 
up toa point near the gas pressure, where the exciting discharge 
ceases to produce the glow. The relation between the initial 
intensity of the phosphorescence and the gas pressure is 
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Io = CP’. 
In this formula Jo is the initial intensity of the phosphorescence, 
or the intensity at zero time determined from the y intercepts of 
the straight line form of the decay curves, the only assumption being 
that a very decided change in the rate of decay does not occur for 
short-time phosphorescence. 
3. Change of Rate of Decay with Change of Gas Pressure—When 


the phosphorescence is formed at various pressures the rate of decay 





decreases as the pressure is reduced, and reaches a minimum where 
the glow is most persistent. From thence it increases to the lowest 
pressures. There is thus a pressure, which appears to be near 
where the electrodeless discharge passes most readily, at which the 
phosphorescence has the longest decay. A portion of the curve 
made by plotting the values of } as ordinates and the corresponding 
values p as abscissas closely resembles a parabola in form. 

4. Intensity and Duration of Excitation—In general the intensity 
of gas phosphorescence becomes greater with an increase of either 
the intensity or the duration of the exciting electrical discharge. 
This matter is being studied at present. 

The results of this investigation make it apparent that the after- 
glow formed by the electrodeless ring discharge is a phenomenon 
which is of the same nature as the phosphorescence which occurs 
in solids. 

The two types of phosphorescence have the same law of decay 
and exhibit many other characteristics that are common to both. 
That the rate of decay changes in some cases in gases to a slightly 
more rapid decay for long-time phosphorescence is no indica- 
tion whatever of a different phenomenon than phosphorescence in 
solids. Indeed it has been shown by Nichols and Merritt! in their 
discussion of the general theory of the subject that according to the 
dissociation hypothesis suggested by Wiedemann and Schmidt and 
extended by the first mentioned authors that under certain circum- 
stances and with simplified conditions the decay of phosphorescence 
should be more rapid as ¢ increases. 

A more rapid decay for long time-phosphorescence is what has 
been found in gases; although the effect is very slight. It is im- 


1Nichols and Merritt, PHys. REv., Vol. XXVII., No. 5, November, 1908, p. 389. 
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portant to take into consideration in this connection that phos- 
phorescence in gases in comparison with that in solids is free from 
certain conditions which may tend to alter the form of the decay 
curve in solids such as absorption, slow diffusion and irregular 
distribution of the phosphorescent material. In the curves shown 
as examples, drawn from theoretical data, by Nichols and Merritt 
illustrating the special case referred to in the previous paragraph, 
it was necessary to neglect the effect of these three conditions. 

A discussion of gas phosphorescence from the theoretical stand- 
point must be deferred until more facts are learned concerning 
the phenomenon, although sufficient experimental data have been 
gathered to show that the afterglow in a gas is a true phosphores- 
cence, the study of which should prove of value in solving some of 
the problems of luminescence. 


PH@NIX PHYSICAL LABORATORY, 
COLUMBIA UNIVERSITY, August, 1910. 
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EXPERIMENTS IN IMPACT EXCITATION. 
By GEORGE W. NASMYTH. 
III. THE FREQUENCY OF THE LEPEL OSCILLATIONS. 


$14. Importance of the Variation in Frequency. 


HE frequency of the oscillations produced by the short-arc gen- 

erators is of considerable practical importance on account of the 
effect of variations in the frequency upon the sharpness of tuning 
which can be obtained. The frequency of the oscillations produced 
by the singing arc is not determined by the inductance and capacity 
of the shunt circuit alone. With the Duddell arc the variations in 
the pitch caused by a change in the arc current or arc length are 
very prominent. In the Poulsen arc the variations in frequency 
due to changes in the arc are so marked that the advantages of 
sharp tuning which undamped oscillations ought to give cannot be 
obtained in practice. On account of the general similarity of the 
characteristics of the Lepel arc to those of the Poulsen arc, it might 
be inferred that the frequency of the oscillations produced by the 
Lepel arc would vary in the same way as the frequency of the singing 
arc. In view of the importance of the question, however, it was 
thought desirable that the problem be made the subject of an experi- 
mental investigation. 


§ 15. The Frequency of the Duddell and Poulsen Oscillations. 


From theoretical considerations the author has derived! a formula 
for the frequency of the singing arc agreeing closely with all the 
experimental data which have been published on the Duddel and 
Poulsen arcs. In its general form this formula is 


1 [1 (R+dV/dA)* 
"8 Nic s 4L? (1) 


1Nasmyth, ‘‘The Frequency of the Singing Arc,’’ Puys. REv., 27, No. 2, p. 117, 
August, 1908. 
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where n is the frequency, L is the inductance and C the capacity 
and R the resistance of the oscillatory circuit, and dV/dA is the 
slope of the volts-amperes characteristic curve. If we take the 
value for the slope as given by the author’s experiments at high 
frequencies, 


dV c+ld 
dA +@oaA 


, (2) 


where / is the arc length, A the arc current, and c and d are con- 
stants depending upon the electrodes and the atmosphere in which 
the arc is formed, the formula for the frequency becomes 
1 {1 {R—(c+ld)/A}2 
«2 ght, Sere ee. (3) 
2x NLC 4L 
If further, we neglect c and R, which are usually small in comparison 
with the term /d, we get the approximate formula, 
1 jt Pe (4) 
"= on NLC 4L?A* 4 


This formula shows that if the inductance is increased while the 
product LC is kept constant, the frequency will increase because 
the second term under the radical decreases. This effect was first 
observed experimentally by A. Banti.'!. If the arc current is in- 
creased the second term under the radical will decrease and the 
frequency should increase. Moreover, if the square of the frequency 
is plotted against the reciprocal of the square of the arc current a 
straight line with a slope = — [?d?/4L? should result, and the author 
has shown that this is the case both in his own experiments and in 
those of L. W. Austin.? Austin’s data plotted in this way shows 
that the formula holds not only for the fundamental but for the 
harmonics which are present in the singing arc oscillations as well. 
The author has shown that the frequency decreases with increasing 
arc length and that if the square of the frequency is plotted against 
the square of the arc length a straight line results. Finally, the 
formula (3) shows that if the resistance of the oscillation circuit is 


1A. Banti, Ellettricista, 12, p. 1, January, 1903. See also L’Elettricita, March 8, 


1908, p. 145. 
?W. Austin, Bulletin, Bureau of Standards, 3, p. 325, May, 1907. 
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increased the second term under the radical will approach zero, 
and the frequency should increase. This prediction has been veri- 
fied by K. Vollmer,! who found that a resistance of 3.3 ohms added 
to the oscillatory circuit raised the frequency from 350,000 to 
359,000 when the arc length was 0.3 mm. and the arc current 1.3 
amperes, and similar, though smaller, increases of frequency on the 
addition of resistance at larger currents and arc lengths. It may 
be considered, therefore, that the law of the variation of the fre- 
quency of the singing arc is fairly well known, and may serve as a 
guide in the investigation of the frequency of the short-arc, metal- 
electrode generators. 


$16. The Frequency of the Short Arc Oscillations. 

The object of the first experiments on the frequency of the Lepel 
arc oscillations made by the author was to determine the dependence 
of the frequency on the arc current. <A loosely coupled secondary 
with variable air condensers and a hot wire ammeter was used to 
determine the frequency, the connections being the same as in Fig. I 
in the section on the characteristics of short arcs. 

Five Leyden jars having a total capacity of 0.0094 mfd. were 
used in the primary. Each of the three variable air condensers 
in the secondary had a maximum capacity of 0.00055 mfd., and 
differences of capacity of 0.000003 mfd. could be determined ac- 
curately by means of circular scales mounted on each of the air 
condensers and calibrated with considerable care by comparison 
with standard forms of capacity. The resistance of the primary 
circuit as measured with a Wheatstone bridge, was less than 0.10 
ohm, and since stranded wires were used throughout, it is probable 
that the high frequency resistance did not greatly exceed this value. 

The inductance of the primary circuit consisted of a solenoid 
of 15 turns, 20.55 cm. in length, and 12.85 cm. mean diameter. 
The stranded conductor was 0.65 cm. in diameter, and consisted 
of 36 strands each 0.6 mm. in diameter. The coefficient of self 
induction of this solenoid, as computed by Russell’s formula, 


L = (xdn)?I[{1 — 0.424(d/l) + 0.125(d/l)? — 0.0156(d/l)*‘], 


1K. Vollmer, Jahrbuch der Drahtlosen Telegraphie und Telephonie, 3, p. 143 
(table 11), December, 1909. 
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where L is the inductance, d the diameter and / the length, in cm., 
and » is the number of turns per cm., was 14,100 cm. The value 
given by comparison with an Ayrton Perry standard at a frequency 
of 1,000 cycles was 14,400 cm. The small difference is probably 
due chiefly to the connecting wires at the end of the solenoid. Since 
these wires were used in the actual connections, the larger value 
given by direct measurement is probably the more correct. All the 
remaining connections in the primary were made so as to give a 
minimum of inductance, twisted pairs of wires being used wherever 
possible, and it is probable that the self inductance of the entire 
primary circuit was within one or two per cent. of 14,400 cm. 

The inductance in the secondary circuit was a solenoid of 75 
turns, 27.38 cm. long, and 8.87 cm. mean diameter. The computed 
coefficient of self induction was 140,200, and the measured value 
slightly greater than this, giving a mean of about 141,000 cm. 

The primary and secondary circuits were coupled by arranging 
these two solenoids coaxially, with a distance of 7.2 cm. between 
their adjacent ends. In response to an inquiry concerning the best 
formula to use for the coefficient of mutual induction of the two 
solenoids, Dr. E. B. Rosa, of the Bureau of Standards, very kindly 
furnished a complete calculation of the coefficient by two formulas. 
According to an adaptation of the general formula given by Gray 
the mutual inductance was found to be 1,089.8 cm., while the for- 
mula of quadratures by Rayleigh gave 1,089.3 cm. The coefficient 
of mutual induction may be considered to be very closely M = 1,090 
cm. therefore. Accordingly, the coupling coefficient is k = M/“ LiL. 
= 1090/“ 14,400 X 141,000 = 0.0242 or 2.42 per cent. 


§17. Vartation with Arc Current. 


With the arc current maintained at a constant value, it was 
found that resonance could be obtained at a number of different 
frequencies by varying the capacity in the loosely coupled secondary 
circuit. It very soon became evident that the frequencies at which 
resonance could be obtained varied with the arc current. The 
results of the first experiments on the frequency are given later, in 
Fig. 17. As some of the resonance frequencies were close together, 
considerable difficulty was experienced in trying to follow the varia- 
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tions of a single one as the current was changed, and it was finally 
decided to make a complete exploration of the field. The results 
of the more exhaustive experiments at arc lengths of 0.10 and 0.15 
mm. are given in Tables IV. and V., and graphically in Fig. 14. 


Capacity. 
in M.F. 


.000545 
.000697 
.000822 
.001091 
.001365 
.001635 


.001880 
.002153 
.002425 


.00270 
00297 
00325 


254,000 
242,000 
232,000 


Curve r. 
Funda- 
mental. 


= 


D.C. 


1.67.15 


1.47 | .15 
1.30 | .07 
1.23 | .07 


TABLE IV. 


Change of Frequency with Arc Current. 


Curve 2a. 
GB 
a x 

2.81. .39 

2.10 | .31 

1.75 .36 

1.75 | .31 

1.44 .30 

1.49 | .23 


Curve 2. 
uo B 
a x 
1.85 .39 
154 .44 
1.40 .34 
1.20 .40 
1.06 .29 
98 14 
90 .12 
86 10 
80.07 


(Fig. 


Curve 2/. 


14.) 


Curve 3a. 


be 
Q 


1.10 


H.W. 


41 


D.C. indicates current through the arc, measured by a d.c. ammeter. 


Curve 34. 


D.C, 
H 


80.25 
Curve 3. 


.60 | .41 


Curve ta. 


2.58 | .3 


Curve 1a, 


1.85 | .08 


H.W. indicates intensity of oscillations, measured by a hot wire ammeter. 


Arc. length, 0.10 millimeters, two sheets W. S. & B. Paragon paper. 
Computed frequency from formula n= 


Primary capacity 0.0094 mfd. 


I I 
27 \ LiC; 


Inductance 14,400 cm. 


= 430,000. 


(October 29, 1909). 


It is evident that the frequency of the oscillations produced by 


the Lepel arc increases with the arc current, as in the singing arc. 


From the figure, the curves seem to occur in groups of three, and 


from the tables it is seen that the middle curves in each group, 
marked respectively 1, 2 and 3, represent the largest amounts of 


energy for a given current, the companion curves above and below 
Curve I is appar- 
ently the fundamental, and at large currents of three amperes or 
more, this is the only resonance frequency that appears. 


representing comparatively weak oscillations. 


It ap- 
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TABLE V. 


Change of Frequency with Arc Current. (Fig. 14.) 


Curver. 
Funda- Curve2a.| Curve2. Curve2é. Curveja. Curve 3. 


Capacity Fre- mente. eae an ee Oe ae ne 
in M.F. 


Pow og |B 6 8 


G/3i'd/3/9/|38/ ¢ 
Aigialg|Ai#z|/Alz alg|alg 
000545 565,000 (Fig. 16) 2.70 .44 1.85 .33 1.42 .34 1.15.33 .95 .33 
.000697 500,000 2.36 .33 1.57.42 1.26).44 .85 41 .70 41 
.000822 460,000 2.10 .44/1.45 .47 1.11.48 .80 .50 .60 .44 
.001091 400,000 1.76.46 1.23.41 .96\.44 .70 .42 Curve 3s. 
001242 375,000 1.16 .42 1.18 .42 500,000 
001365 357,000 3.47 .51 1.52 .38 1.06) .31 60 | .42 
001503 340,000 3.03 .50 1.43 .29 
.001635 327,000 2.58 .47 1.35 .23 78 | 17 
081880 305,000 2.08 .30 1.05 .14 Curve s4, | Curve 26. 
.002153 284,000 95 14 2.43 12 1.46 .21 
002425 268.000 1.76 .09 89 13 2.16 .13 1.34 .14 
00297 242,000 1.46 .07 1.85 .09 
.00352 223,000 1.63 .08 


D.C is current through the arc, measured by a d.c. ammeter. 
H.W. is intensity of oscillations, measured by hot wire ammeter. 
Arc length 0.15 millimeter, three sheets W. S. & B. Paragon paper. 


. al 
Computed frequency from formula n= ~~ \ # = 430,000. 
2% LiCi 


Primary capacity =0.0094 mfd. Inductance 14,400 cm. (November II, 1909.) 


proaches asymptotically the frequency given by the Thomson 
formula n = J/2r/’L,C, as the arc current is increased. The curve 
2 is evidently the first harmonic; at 2 amperes, for example, when 
curve I indicates a frequency of 300,000 for the fundamental, the 
frequency for curve 2 is very closely twice as great, 600,000. The 
range is not quite large enough to make sure that curve 3 is the 
next harmonic, but this is probably the case. At one ampere, for 
example, curve 2 indicates a frequency of about 300,000 and curve 
3 about 600,000. 

To avoid the necessity for the computation of a large number of 
frequencies corresponding to a varying capacity in the secondary, 
the capacity was held constant at the different values and the arc 
current varied by means of the resistance in the main circuit until 
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resonance was obtained. At higher frequencies than about 565,000 
the oscillations in the secondary became so weak, on account of the 
small capacity, that accurate settings could not be obtained. The 
observations for the curves at 0.10 mm. were made before the 
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Fig. 14. 


Change of frequency with arc current. 
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experiments at the longer arc length were undertaken, and the 
curves 1) and 3, which had been overlooked in the first observations 


were discovered in the more accurate experiments at 0.15 mm. 
Influence of the Oscillatory Current.—The interpretation of the 
apparent discrepancies in the two sets of curves is interesting. The 
reason for the flatness of the curve 2a at 0.15 mm. in the region 
from about 1.5 to 2.5 amperes is clear from Fig. 7 in the section on 
the characteristics. Fig. 7 shows that the region of maximum voltage 
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at 0.15 mm. is between 1.5 and 2.5 amperes, and Fig. 8 shows that 
the region of minimum oscillations corresponds with the region of 
maximum voltage. The currents plotted in Fig. 14 were measured 
by a d.c. ammeter in the main circuit, whereas the actual current 
which determines the resistance and characteristics of the arc in- 
cludes not only this current but the oscillatory current as well. 
The effective current traversing the arc is accordingly less, relatively 
in the region where the full line curve 2a is flat, and if total currents 
through the arc were plotted instead of the d.c. current, the flat 
part of the curve would bend over into its proper place in the region 
of smaller currents. The apparent shift of the curve 1a, and of 
most of the points in curve I, in the same region, is explained in the 
same way. At 0.10 mm. the region of high voltages and low oscilla- 
tion currents moves to higher currents as shown in Fig. 7, and the 
effect of this is apparent in the falling off of the dotted curve 2a at 
2.81 amperes d.c. No readings at higher currents than 2.59 amperes 
were obtained at 0.10 mm. and the dotted curve has been drawn as 
if it lay above the full line curve all the way out, but the two curves 
probably cross at larger currents, on account of the influence of 
the minimum in the oscillatory current. At small currents no ir- 
regularities are observed, as no maxima of voltages or minima of 
oscillations occur in this region. 

If the effective currents through the arc were plotted instead of 
the readings of the d.c. ammeter, the curves at low currents would 
be affected more than the others, since the oscillatory currents are 
large even when the d.c. ammeter readings are small. For the 
same values of effective current, the frequencies indicated by all 
the curves would be less, but the frequencies at small d.c. readings 
would be reduced more than the others, and the curves would be 
steeper. 

Influence of Mutual Inductance.—Although the coupling between 
the primary and the secondary resonance circuit was very loose, 
the coefficient being only 0.0242 or 2.42 per cent., it was thought 
possible that the two companion curves above and below the curves 
I, 2 and 3 might be accounted for as the two coupled circuit waves 
which appear even in impact excitation. It is difficult to see how 
indications of the two coupled waves could be obtained without the 
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aid of a loosely coupled tertiary circuit, and moreover the largest 
effect of the loose coupling employed turns out to be far too small 
to account for the phenomena. At resonance the frequencies! of 
the two waves of the coupled circuit should be 


T=VT2 +0; (@ = 4PMYCC) 


where 7) is the period of each circuit before coupling, M is the 
coefficient of mutual induction between the two circuits, and C; 
and C: are the capacities in the primary and secondary circuits 
respectively. Using the actual capacity, 0.0094 mfd. in the primary 
and the theoretical capacity from the Thomson formula, 0.00092 
mfd. in the secondary, we get for the two frequencies 425,000 and 
435,000 respectively. This gives a difference of only 1.16 per cent. 
instead of the difference of more than 10 per cent. required to 
account for the observations. Using the actual values of the secon- 
dary capacity, for a frequency of 350,000 the coupled circuit fre- 
quencies would be 347,800 and 352,200, giving a still smaller dif- 
ference of less than three fourths of one per cent. The phenomenon 
seems to be therefore a characteristic of the generator itself rather 
than of the coupling. The presence of the large number of har- 
monics at which resonance can be obtained with the Lepel arc 
marks another point of resemblance between it and the singing arc. 
Austin? found three frequencies at which resonance could be ob- 
tained, all of which increased with the arc current. In the author’s 
experiments on the frequency of the singing arc formed between a 
copper and a carbon electrode in illuminating gas six such frequen- 
cies were found by means of a loosely coupled resonance circuit, 
with indications of others at capacities too small to measure ac- 


curately. 
$18. Variation with Arc Length. 


The full line and dotted line curves for arc lengths of 0.15 and 
0.10 mm. given in Fig. 14 show that the frequency decreases with 
increasing arc length, as in the case of the singing arc and in agree- 
ment with the formula (3) or (4). On attempting to follow the 
changes in the curve I as the arc length was increased apparent 


1See ‘‘The Principles of Electric Wave Telegraphy,”’ J. A. Fleming. 
*Austin, loc. cit. See also PHys. REv., 30, p. 134, August, 1908. 
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inconsistencies were again met with, the curves falling below each 
other for a time, then rising to higher frequencies as the arc length 
was increased beyond a critical value and finally falling again. The 
attempt to trace the course of the whole curve I was finally aban- 
doned, and the variation of the frequency of the fundamental with 


TABLE VI. 
Fig. 15. Variation of Frequency with Arc Length. 
Sheets Paper. 2 3 4 6 8 10 12 14 
Arc length, mm. 0.10 0.15 0.20 0.30 0.40 0.50 0.60 0.70 
Arc length squared 0.01 0.023 0.04 0.09 0.16 0.25 0.36 0.49 


Fundamental at 2.0 amperes. ()=0.0094 mfd. 
Frequency + 10° 303 299 315 305 (295 288 275 — 
(Frequency)? +10" 9.18 8.94 9.92 9.40 8.70 8.29 7 


Harmonic at1.0ampere. ()=0.00564 mfd. 








Frequency +10° 1,095  — 999 [885 910 850 715 662 
(Frequency)? +10" 119.9 —— 99.8! 78.4 82.8 72.3 S11 43.8 
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Fig. 15. 
Variation of Frequency with Arc Length. 





























arc length at a constant current of 2 amperes was investigated. 
The results obtained are given in Table VI. and graphically in Fig. 
15. Witha primary capacity of 0.00564 mfd. and the same primary 
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inductance of 14,400 cm., the variation of frequency of one of the 
harmonics at 1.0 ampere was also observed and the corresponding 
curve, which is of the same general form, has been plotted. The 
values of the squares of the arc lengths and frequencies are also 
given for use later in § 19. 

Influence of the Oscillatory Current.—In both the curves of Fig. 
15 the frequency decreases with increasing arc length except for 
regions of strongly marked minima in each case. On referring to 





Fig. 16. 
Squares of Frequency and Arc Length. 
Physical Equation of Straight Lines, 22 = — — a. “P+ ae 
y q oO & ’ 16721242 4™@?LC 


Fig. 7 again, it is found that these minima correspond to regions of 
voltage maxima and oscillatory current minima, so that the reason 
for the apparent discrepancies are traced as before, to a decrease in 
the effective current through the arc. Thus, the minimum in the 
oscillations and in the frequency for the 2 amperes d.c. curve both 
come at 0.15 mm. For the harmonic a smaller capacity and a 
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smaller current were used than for the curves in Fig. 7, and the 
minimum should be shifted into the region of longer arc lengths 
or smaller capacities, as it is. If this allowance is made, we may 
say that the minima in the oscillations and the frequency both come 
at about 0.3 mm. A second minimum, less pronounced, seems to be 
indicated at about 0.6 mm. in the curve for the frequency, and it is 
possible that the corresponding voltage maximum lies just outside 
the range of Fig. 7. 


§19. Proof of the Formula for the Frequency. 


It is apparent from the above curves that the frequency of the 
Lepel arc agrees qualitatively with the formula which has been 
found to hold true for the singing arc. With the exception of the 








TABLE VII. 
Figs. 17 and 18. D.C. Arc. Frequency and Arc Current. 
Curve 1. 
Current=/. 1/72, od n2 

3.47 0.083 357,000 12.74 X 10" Copper electrodes. 
3.03 0.109 340,000 11.56 Arc length =0.15 mm. 
2.58 0.150 327,000 10.69 L, = 14.400 cm. 
2.08 0.230 305,000 9.30 C,= 0.0094 mfd. 
1.76 0.320 268,000 7.18 No = 430,000. 

1.46 0.460 242,000 | 5.86 

7 mine Curve or aia Pay - 

1.18 0.720 322,000 10.36 10% 
1.29 0.600 332,000 11.02 
1.38 0.530 335,000 11.22 
1.43 0.490 337,000 11.36 
1.48 0.456 342,000 11.70 
1.52 0.430 347,000 12.04 
1.55 0.417 352,000 12.39 Copper+, brass—, electrodes 
1.595 0.393 357,000 12.76 Arc length =0.35 mm. 
1.66 0.362 362,000 13.10 L, = 14,400 cm. 
1.70 0.346 369,000 | 13.60 C, =0.00564 mfd. 
1.79 0.312 366,000 13.40 M =1089 cm. 
1.83 0.299 370,000 | 13.70 
1.87 0.286 379,000 | 14.30 
1.19 0.705 329,000 10.82 
1.08 0.858 315,000 9.91 

.98 1.040 298,000 8.90 


875 1.310 275,000 | __ 7.58 
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Curve 3. 
2.34 0.183 711,000 50.7 < 10'° 
2.19 0.209 694,000 48.1 
2.06 0.235 678,000 46.0 Copper+, brass—, electrodes. 
1.93 0.269 668,000 44.6 Arc length 0.15 mm. 
1.79 0.312 650,000 42.3 L, = 14,400 cm. 
1.61 0.389 625,000 39.1 { 0.00376 
1.40 0.510 571,000 32.6 CL= (0.00564 
1.30 0.590 534,000 28.5 


“48 VEL) LAbORe Bei eEBeD eo THPEBOS 





Fig. 17. 


Frequency and arc current. 


irregularities due to the oscillation minima the curves are of the 
same form as the corresponding singing arc curves. A more rigorous 
test of the formula is obtained by plotting the square of the fre- 
quency against the square of the arc length, as in Fig. 16. Both 
these curves prove to be straight lines outside the regions of the 
above mentioned irregularities due to a decrease in the intensity of 
the oscillatory current through the arc. If the effective current 
through the arc A, as measured by a hot wire ammeter, had been 
maintained constant instead of the direct current J, the agreement 
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of the curves with the straight line requirement of the formula 
would have been as satisfactory as in the case of the Poulsen arc. 

Additional data for the variation of frequency with the arc current 
are given in Table VII., and the curves corresponding are plotted 
in Fig. 17. The data were obtained with the same connections 
and coupling as for the curves in Fig. 14. The effect of the 
minima in the oscillations is plainly visible in curve 2, and in the 
corresponding straight line in Fig. 18. The data for curve 2 are 





Fig. 18. 
Squares of frequency and current reciprocals. 


Pe I 


Physical equation of straight lines, 22 = — 2+ . 
P ; & 1607272? A 47? LC 
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given in Table VII. in the same order in which they were obtained, 
and it is apparent that the points taken near the end of the rim 
form a much smoother curve than the earlier ones. It is possible 
that in this case there was some irregularity in the arc which 
caused the minima in the oscillations, in addition to the causes 
which have been traced in the preceding sections on the intensity 
of the oscillations. 

With the exception of the discrepancy caused by using the arc 
current as measured by a d.c. ammeter instead of the effective 
current in curve 2, the agreement with the straight line requirement 
of the formula is again well within the limits of errors of observation. 


§ 20. Related Experiments on Poulsen Oscillations. 


The experiments of the author have shown that the Lepel arc 
is closely related to the singing arc, especially in its frequency 
characteristics. Since it appears that the formula derived by the 
author for the singing arc holds also for the short arc between metal 
electrodes, experiments on the singing arc which afford additional 
tests for this formula are of interest to investigators working with 
the new impact generators. 

Some excellent experimental data recently obtained by K. Voll- 
mer! working under the direction of Professor Max Wien at Danzig, 
afford material for a severe quantitative test of the formula as 
applied to Poulsen oscillations. Vollmer used flat discs of copper 
and carbon as his electrodes, and formed the arc in an atmosphere 
of hydrogen. His experiments cover a wide range of frequencies, 
from 156,000 to 1,000,000 per second corresponding to wave-lengths 
of from 1,915 to 300 meters. The inductances used range from 
33,300 cm. to 1,358,000 cm. and the capacities from 0.00076 mfd. 
to 0.00585 mfd. 

Vollmer measured his arc lengths directly, and did not take 
account of the variations in the length as indicated by the changes 
in voltage. Nevertheless the two curves? which he plotted to verify 
the author’s formula for the frequency give a good straight line 
between n? and F as formula (4) requires when / is large enough so 


1Vollmer, Jahrbuch der Drahtlosen Telegraphie und Telegraphonie, 3, pp. 117-173. 
2Vollmer, loc. cit., p. 146. 
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VARIATION OF FREQUENCY WITH ARC LENGTH; POULSEN ARC. 


TABLE 2V. 


no = 156,600; Li=1,358,000 cm.; C,=0.76X10-3 mf.; 2¢0=1915 meters. 
(Ig =generator or arc current as measured by a d.c. ammeter; I; =oscillatory current.) 
Ig =2.7 amp. I-=2.0 amp. 























Z @2 | n2 
12mm. | 144 | 2.433 x10 | m=11 10° 
1.8 | 3.24 | 2.4313 | V m=3310 
2.4 | 5.76 | 2.4298 d=154 
2.7 | 7.29 | 2.4267 
3.3 | 10.89 | 2.4250 dy C, =4.25 
-- _ (1296 | 2.4212 ‘| ; 7 nd 
TABLE 3V. 
mo = 156,600; L: =532,000 cm.; Ci =1.9410-* mf; Ig =2.7 amperes; Ic=2.01 amp. 
_ F one } 7 —— “ a. | > i ieee aoa 
0.3 mm. 0.09 | 2.441410 
0.6 0.36 | 2.4388 
0.9 0.81 | 2.4363 | m =27X10° 
1.2 144 | 2.4348 | Vv m=5200 
1.8 3.24 | 2.4280 | d=94 
2.1 441 | 2.4267 | 
2.4 5.76 | 2.4230 | dVC, =4.14 
2.7 7.29 2.4200 | 
3.0 9.00 | 2.4154 
- 10.89 | 2.4154 
TABLE 4V. 
no = 156,600; Li =176,500 cm.; Ci =5.85 X10-3 mf.; Ig =2.7 amp.; Ic=2.1 amp. 
7? am | oa [ os ft. ey 
0.3 mm. 0.09 2.434 x10 | m=92X 108 
0.6 0.36 2.421 | vm =9,600 (9,600) 
0.9 0.81 2.419 d=57.5 
1.2 1.44 2.416 | dy C=4.40 
1.5 2.25 2.396 
1.8 3.24 2.3815 
2.1 4.41 2.374 
2.4 5.76 2.357 | 
3.0 9.00 2.343 
3.6 12.96 2.326 








3.9 15.21 2.282 
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TABLE 5V. 


no = 375,000; Li =237,000 cm.; Ci =0.76 10-3 mf; / 


I2=2.15 amp. 


72 n2 
1.1 1.21 13.684 x 10" 
1.2 1.44 13.65 
1.35 1.82 13.624 
1.5 2.25 13.583 
1.8 3.24 13.55 
TABLE 6V. 


no =375,000; L; =92,900 cm.; Ci =1.94X10-3 mf.; 


Dd 


n2 





0.39 mm. 0.09 13.86 K 10" 
0.45 0.203 13.80 
0.6 0.36 13.73 
0.9 0.81 13.68 
1.2 1.44 13.63 
Be azo 13.51 
1.8 3.24 13.46 
2.1 4.41 13.35 
2.4 5.78 13.13 


TABLE 7V. 


no = 375,000; Li =30,800 cm.; C, =5.85 X10-3 mf; 


Z 72 n2 
0.15 mm. 0.0225 13.8 x 10" 
0.3 0.09 13.4 
0.6 0.36 13.1 
0.75 0.5625 12.8 
0.9 0.81 12.6 
£2 1.44 12.32 
1.5 2.25 12.1 
1.8 3.24 11.7 
2.1 4.41 11.3 
2.4 5.76 11.0 


that the constant c may be neglected. The Thomson frequencies 
chosen for the two tests were 156,600 with a capacity of 0.00585 ; ; 
and 375,000, with a capacity 


mfd. and an inductance of 176,500 cm.; 


of 0.00076 mfd. and an inductance of 237,000 cm. Although the 


NASMYTH. 
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‘9 =800 meters; Ig=2.7 amp.; 








So 
a 
—t 


d\ C= ° 


’ 





m =10X 108 
m = 3.16108 
d=100 


- 


dy CG, =4.40 


g=2.7 amp.; I¢=2.25 amp. 


m = 33 X 108 
vy m=5.75 X10 
d=60 


dy G=4.59 
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TABLE 8V. 
ny = 1,000,000; LZ; = 33,300 cm.; Ci: =0.76 10-3 mf.; 70=300 meters; Iy=2.7 amp; 
I-=1.7 amp. 
"a i je n? 
1.2 mm. 1.44 92.210" m = 248 x 108 
1.4 1.96 91.0 vy m=15.7 108 
1.5 2.25 89.7 d=177 
1.7 2.89 88.7 dy GC, =4.89 


TABLE OV. 
no = 1,000,000; 7; =13,060 cm.; Ci =1.94X10-3 mf.; I, =2.7 amp.; I-=2.1 amp. 


Z 2 n? 
0.3 mm. 0.09 91.4 10" m=436 108 
0.45 0.2025 90.2 Vvm= 20.910 
0.9 0.81 86.4 d=93 
1.2 1.44 84.2 
1.5 2.25 81.2 d\ 4,=4.10 
1.7 2.89 78.8 - 

Reca pitulation. 

No. li G l. Vm d a\ Q 
156,600 1,358,000 | 0.761073 2.0 0.3310! 154 4.25 
156,600 532,000 1.94 2.01 0.52 94 4.14 
156,600 176,500 5.85 2.4 0.96 57.5 4.40 
375,000 237,000 | 0.76 2.15 2.2410! 180 4.96 
375,000 92,900 1.94 2.15 3.16 100 4.40 
375,000 30,800 Lp 2.25 5.75 60 4.59 

1,000,000 33,300 0.76 1.7 15.7 X10 | 177 4.89 
1,000,000 13,060 1.94 2.1 20.9 93 4.10 
Ig — 2.70 amperes. Mean 4.47 


curves given are straight lines, as required by the formula, the value 
of the constant d as found from the slope is greater for the large 
capacity and low frequency curve than for the other. The author 
found that the product of the constant d and the square root of 
capacity gives a constant for these cases. Testing Vollmer’s other 
remaining data in the same way, it was found that the product of 
d¥ C, gave a constant within the limits of the errors of observation, 
with a mean value of 4.47, in all his experiments. Vollmer’s data 
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are not in convenient form for testing the formula, as he gives wave- 
lengths instead of frequencies. The data are therefore given in the 
form for direct verification of the results in tables 2V. to 9V., cor- 
responding to Vollmer’s table numbers, 2 to 9. 

It was predicted in the derivation of the formula! that the con- 
stant d would change with the Thomson frequency on account of 
the skin effect of resistance in the arc vapor. It would also change 
with the capacity in parallel with the arc on account of the effect 
of capacity on the arc voltage-current characteristic. It appears 
from the above results, however, that if we use for d the value 
d = k/“C,, where k = 4.47 + 0.4, the formula may be extended 
from a single Thomson frequency (constant value of Z; and C;) 
for which it was at first derived, to include all of Vollmer’s exper- 
iments from 156,600 to 1,000,000 frequency range and with all 
values of capacity and inductance used in the practice of radio- 
telegraphy and radio-telephony. 

Using the above value of d, the approximate formula (4) becomes 


I BR 
t= — 


iI 
ax Nic 4L2CA? (5) 


where n is the frequency, ZL and C the inductance and capacity, 
A the arc current, / the arc length, and & is a constant for given arc 
electrodes and atmosphere. The agreement of the generalized 
formula (5) with the results of experiments may be shown graphi- 
cally if we plot m*Z°C against /*. The equation of the straight 
line in the form y = mx + d is 
a RL 
+ 16n2A2! + 40 
For a constant current A all the lines should have the same slope, 
— k*/16r*A*. The results from Vollmer’s data are given in con- 
venient form in Table X., and the curves at constant slope are 
plotted in Fig. 17. 
The agreement is seen to be well within the limits of the errors of 
observation in Vollmer’s work. 
Vollmer measured his arc currents with a d.c. ammeter, whereas 


iPuys. REV., 27, p. 127, formula 13. 
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the author’s experiments on the variation of the frequency of the 
Lepel arc with current and arc length have demonstrated that the 
effective current through the arc, including the oscillations, should 
be used as the arc current A in the formula. The oscillatory 
current in general increases with the capacity, so that the cor- 
rection on this account which should be made in Vollmer’s data 
is in the right direction. Whether the Thomson frequency and 
the oscillatory current corrections together are sufficient to account 
for the constancy of the product d~C, must be determined by 
further experiments in which the arc current is measured by a hot 
wire ammeter or some equivalent instrument. The relation is at 
any rate interesting, and enables us to extend the formula from a 
single frequency as determined by the capacity and inductance, to 
the general case. 

Vollmer’s data show also, as mentioned above, that the frequency 
increases with the resistance in the oscillation circuit. This is in 
agreement with the prediction of formula (3) and contradicts all 


TABLE X. 
(Figure 19.) Frequency and Arc Length; Poulsen Arc. Values of n*L?C. 


a | Table | Table 








Table | Table Table Table | Table Table 
av. | 3V. 4V. sv. 6V. | 7V. BV. ov. 
.0225 | | 766 | 
.090 | 13.403 4.437 2.176 | .744 | 303 
.203 2.167 | | .299 
360 13.389 4.413 2.156 | .727 | 
5625 | |  .7104 
81 | | 13.375 4.410 2.148 | .699 | .286 
1.21. | 5.841 
1.44 34.11 | 13.367 4.404 | 5.829 2.140 | .684 777 | .279 
182 | | 5.817 
166 | | .767 
2.25 | | 4.368 «5.801 | 2.121 | 672 § .756 | .269 
2.89 | | | 748.261 
3.24 | 34.08 | 13.330 | 4.341 | 5.786 | 2.113 | .6494 
441 | 13.323 | 4.328 2.096: | .627 
5.76 | 34.06 | 13.302 | 4.297 2.061 | .611 
7.29 | 34.01 | 13.286 | | 
9.00 | 13.261 | 4.271 | 
10.89 | 3399 | 13.261 | 
12.96 | 33.94 | 4.240 | 


15.21 | | 4.160 | 
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Fig. 19. 


Frequency arc length curves with constant slope. 


previous assumptions of investigators, based for the most part on 
reasoning by analogy from the effect of friction in mechanical pen- 
dulums and other systems. There is reason to suspect that an 
increase of frequency with resistance will be found also in the 
ordinary spark gap excitation as well as in the short spark gen- 
erators. 


§21. Impact Excitation and Forced Undamped Oscillations. 


The resonance curve for the antenna or secondary of the two 
closely coupled circuits is of interest on account of its bearing upon 
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Diagram of connections for resonance curves. 
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Fig. 21. 


Resonance curve for Lepel arc. 
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the question of impact excitation. It may be determined by means 
of a tertiary circuit in addition to the connections used thus far 
in the experiments and shown in Fig. 1, loosely coupled to the 





Hot Wire 
Frequency. Ammeter 
Reading. 
385,000 .26 
385,000 40 
399,000 40 
415,000 46 
420,000 48 
440,000 46 
450,000 43 
470,000 48 
482,000 BY 
492,000 .625 
502,000 725 
506,000 .83 
519,000 .94 
520,000 1.166 
525,000 1.37 
Maximum, off scale. 
567,000 1.37 
579,000 .92 
594,000 79 
596,000 .68 
615,000 40 
660,000 .26 
702,000 .185 
765,000 15 
980,000 .28 
1,060,000 | B | 
Maximum. 
First harmonic. 
1,000,000 | .29 
1,150,000 | .20 


1,220,000 | 10 





TABLE XI. 


Resonance Curve for Lepel Arc. 





Primary capacity, 7 ja s=0.0132 mfd. 
Primary inductance, 14,400 cm. 

|Arc length, 0.15 mm. Volts, 80. 

Are current, 2.15 amperes d.c. 
Oscillations at minimum, 4.6 amperes. 


|Secondary capacity, 2 jars in series =0.00094 mfd. 
'Secondary inductance, about 180,000 cm. 


Secondary and primary closely coupled. Secondary 
solenoid of 141,000 cm. inductance placed inside 
primary solenoid of 14,100 cm. inductance with 
lower ends flush. See § 16. 


Tertiary capacity variable. 
Tertiary inductance 160,000. 
Tertiary and secondary loosely coupled. 


For the resonance curve of Figure 21 the primary and 
secondary capacities and inductance were the same, 
but the arc length was 0.25 mm., and the arc current 
3.03 amperes (volts 66) giving a minimum of 5.0 
amperes in the oscillations. 








-secondary. The complete diagram of connections for determining 
the form of the wave in the antenna or secondary is given in Fig. 20. 
The primary and secondary circuits are maintained constant, and 
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the readings of the hot wire ammeter are read as the capacity in 
the loosely coupled tertiary circuit is varied. 

With the arc current arranged so as to give a minimum in the 

intensity of the oscillations at an arc length of 0.25 mm. the reso- 
nance curve shown in Fig. 21 was obtained. 
The primary and secondary circuits were not tuned to the same 
frequency, the lowering of the frequency of the oscillations by the 
arc itself increasing the so-called ‘‘untuning.’’ The arc current 
was 3.03 amperes d.c., and the voltage 66. The remaining con- 
stants are given in connection with Table XI., which gives the data 
for a similar resonance curve (not plotted) at an arc length of 0.15 
mm. and with the oscillations again at a minimum. 

Both the resonance curves show but a single wave, the smaller 
maximum being evidently the harmonic of double frequency. So 
far they are in agreement with the theory of impact excitation, 
the steep curves and sharp peak being especially characteristic. 
On the other hand, the frequency of the oscillations should remain 
constant, as long as the secondary circuit is not changed, whereas 
the frequency of the oscillations changes with the constants of the 
primary circuit, according to the above figure and table. Further 
experiments gave the following increase of frequency of the oscil- 
lations in the secondary circuit with increasing primary arc current. 











TABLE XII. 
Arc Current | Are Volts, D.C. Oscillation Amperes. Resonance 
Amperes, D.C. Frequency. 
1.30 90 3.2$ 500,000 
1.50 88 3.40 507,000 
1.75 84 3.45 519,000 
2.00 90 4.27 528,000 
2.00 80 3.68 545,000 
2.00 70 3.68 552,000 


3.00 66 4.84 563,000 


The conclusion is that in these experiments at least, the Lepel 
arc did not give free impact excitation, but forced oscillations 
which the form of the resonance curve shows to be almost undamped 
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at arc currents which give a minimum in the intensity of the oscil- 
lations. 
SUMMARY. 

The Lepel generator resembles the older Duddell and Poulsen 
arc generators in having a number of harmonics, besides the funda- 
mental, to which a loosely coupled resonance circuit may be tuned. 

The following laws hold for both fundamental and harmonics, 
as in the case of the older generators: 

1. The frequency of the oscillations increases with increasing 
arc current at constant arc length. 

2. The frequency of the oscillations increases with decreasing 
arc length at constant are current. 

The variation in the frequency is least with a large primary 
inductance. 

It is predicted, though not yet experimentally verified, that a 
small increase in the resistance of the oscillatory circuit will increase 
the frequency of the Lepel arc oscillations as in the case of the 
Duddell and Poulsen arcs. 

The formula derived by the author in 1908 for the frequency of 
the singing arc, which includes all the known facts and is in agree- 
ment with the results of all the experiments on the frequency of 
the Duddell and Poulsen arc oscillations, holds also for the Lepel 


arc oscillations. The formula is 


— 1 of} a {R=(c+ld)/A}? 
~ 2" NLC 4L? 


n ’ 
where is the frequency, L, Cand R the inductance, capacity and 
resistance of the condensor circuit, ] the arc length and A the 
arc current, and c and d are constants depending upon the electrodes 
and gas in which the arc is formed. Usually R and ¢ are small com- 
pared with the other terms, so that the formula may be written in 
an approximate form, 
I I Pd? 
"= 20 NLC 4L2A? 


Recent extensive experiments on the Poulsen arc have shown 
that if the value of d = k/“C where d is the arc constant and C 
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the primary capacity, k has the same value for a given arc for all 
the values of inductance, capacity and Thomson frequencies used 
in practice. In its more general form the formula thus becomes 


aS we Ss 
~ 29 NLC” 4L2A2C 

The effect of capacity on the oscillation intensity and the form 
of the voltage current characteristics makes it very probable that 
the more generalized formula holds for the Lepel arc also, but 
sufficient data for a rigorous test are not yet available. 

With a closely coupled secondary circuit and the arc current 
arranged to give minimum oscillations, a very sharp resonance curve 
with only a single wave is obtained by means of a loosely coupled 
tertiary circuit, as required by the theory of impact excitation. 
The maximum shifts with change of arc current, however, leading 
to the conclusion that the sharp resonance curve of the Lepel arc 
is due, not to free oscillations, but to forced undamped oscillations. 

The author wishes to express his appreciation of the sympathetic 
aid and many valuable suggestions which he has received in the 
course of his researches from Dean Ernest Merritt, of the Graduate 
School of Cornell University. 
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THE HALL EFFECT AND SOME ALLIED EFFECTS 
IN ALLOYS. 


By ALPHEUS W. SMITH. 


ROM a study of the data on the electrical conductivity of 
alloys together with the data from their thermal analysis, 
Guertler' has shown that the curve representing the relation be- 
tween the electrical conductivity and the concentration of one of 
the components of a binary alloy will have a singular point, where 
the components unite to form a compound. It thus becomes pos- 
sible from the behavior of the electrical conductivity to infer the 
presence of compounds in the alloy. In a subsequent paper by 
the same author,’ it has been pointed out that similar conclusions 
may be drawn from the curves showing the relation between the 
temperature coefficient of the electrical resistance of the alloy and 
the concentration of one of its components. An examination of 
the thermoelectric properties of certain alloys by Becquerel*® and 
others has indicated that the curve connecting the thermoelectric 
heights and the concentration of one of the components of the 
alloy shows a singular point, where a compound is formed. While 
the present investigation has been in progress a paper by Haken‘ 
has appeared in which a careful study has been made of the relation 
between the constitution, the thermoelectric heights and the elec- 
trical resistance of the following series of alloys: tellurium-anti- 
mony, tellurium-bismuth, tellurium-lead, antimony-silver and cop- 
per-phosphorus. He finds that wherever compounds appear in 
these systems, the curves connecting the thermoelectromotive with 
the concentration of one of the components have well-defined singu- 
lar points. Similar conclusions are arrived at from the study of 
the electrical conductivity. 


1Zeitschr. f. anorg. Chem., 51, p. 397, 1906. 
*Zeitschr. f. anorg. Chem., 54, pp. 58-88, 1907. 
3Ann. de Chem. et Phys. (4), 8, p. 408, 1866. 
4Ann. der Phys. (4), 32, p. 291, 1910. 
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It seemed to the author that where the metals form compounds 
the Hall effect and the Nernst effect might be expected to behave 
in a way similar to that in which the thermoelectric height and the 
electrical conductivity had been found to behave. Such a result 
seemed the more to be expected from the fact, as Beattie! has pointed 
out, that there seems to be a sort of proportionality between the 
Hall effect and the thermoelectric heights. 

Since in such an investigation so much depends on the purity of 
the metals from which the alloys are made, on the way in which 
the alloys have been allowed to cool and on their treatment after 
solidification, it seemed almost impossible to connect with certainty 
the data on the Hall effect and on the Nernst effect with the data 
which other observers had obtained on the thermoelectric heights, 
the electrical conductivity and the temperature coefficient of the 
resistance. Furthermore, the data on these quantities is for the 
most part meager. For the three series of alloys used in this in- 
vestigation, viz: bismuth-antimony, antimony-cadmium and anti- 
mony-zinc, the author has been able only to find data on the thermo- 
electric heights of the three series and on the electrical conductivity 
of the bismuth-antimony series. In order, therefore, to make the 
points aimed at in this investigation, it seemed necessary to study 
besides the Hall effect and the Nernst effect, the thermoelectric 
heights, the electrical resistance and the temperature coefficient 
of the resistance. In the bismuth-antimony alloys the change of 
resistance in a magnetic field has also been studied. 

Although the data obtained in the investigation cannot lay 
claim to a high degree of accuracy, the conclusions drawn from the 
data would not be changed by much greater errors than those which 
are present. Besides the errors of observation it is necessary to 
remember that there are errors due to slight impurities in the 
alloys, to small changes in the conditions under which they solidify 
and to slight differences in treatment after solidification. These 
sources of error may be of considerable consequence and since it 
is not possible to eliminate them, a high degree of accuracy is 
scarcely to be realized. The failure of different observers to obtain 
consistent values for the Hall effect and the Nernst effect in metals 


1Roy. Soc. Edinb. Proc. (20), p. 481, and (21), p. 146. 
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which are the purest to be obtained, shows clearly the importance 


of the sources of error to which reference has just been made. 


PREPARATION OF ALLOyYs. 


The bismuth, antimony, cadmium and zinc for the alloys were 
obtained from C. A. F. Kahlbaum. Ten or fifteen different alloys 
of each of the following series were prepared: bismuth-antimony, 
antimony-cadmium and antimony-zinc. The alloys were prepared 
synthetically and chemical analyses were not made after the prepa- 
ration. After weighing, the metals were placed in closed hard glass 
tubes which contained such a small amount of air that the loss of 
either metal from oxidation would be small. These glass tubes 
were heated in an electric furnace until both of the metals were 
fused. When the metals had been sufficiently stirred to insure 
uniform mixing, they were allowed to cool as quickly as possible 
to room temperature. The alloys were then fused as quickly as 
possible and poured into a tale mould which was at room tempera- 
ture. The mould was made up of two parts which when clamped 
together formed a rectangular receptacle about 3 cm. long, 1.5 cm. 
wide and 0.3 cm. deep. Care was taken that the molten alloys 
should be in contact with the air for as short a time as possible, 
so that unequal oxidation of the two components might not ap- 
preciably change the composition. 

After the alloys had been cast in the form of plates the bismuth- 
antimony plates were ground on a rotating disc with carborundum 
powder for an abrasive, until they were about 0.1 cm. in thickness. 
Many of the antimony-cadmium and the antimony-zinc plates were 
so brittle that they could not be ground and were used nearly as 
they came from the moulds. They were about 0.3 cm. in thickness. 
The thickness of the plates was measured in a number of places 
and the mean of these measurements used in the subsequent calcu- 


lations. 
RESISTANCE. 


It was desirable to measure the resistance and the temperature 
coefficient of the resistance in the specimens in which the Hall 
effect and the Nernst effect were to be determined. Since these 
specimens were in the form of rectangular plates of low resistance, 
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their specific resistances could not be determined easily. It was, 
however, sufficient for the purposes of the present investigation to 
know approximately the relative specific resistances of the different 
series of alloys. A simple method of getting the relative specific 
resistances of the different plates was by comparing the fall of 
potential over a given distance in one plate with the fall of potential 
over the same distance in the other 
plates, when the current density in “ 
all of the plates was the same. For 
this purpose lead wires were sold- R 

ered to the ends of the plate (Fig. Ya] 
1). By means of these lead wires E 
+t 


Fig. 1. 

















the plate was connected through a 
known resistance R to a battery 
E of known electromotive force. At A and at B, points on the 
axis of the plate, was soldered a small copper wire which lead to 
the d’Arsonval galvanometer G. With the plate immersed in a 
mixture of ice and water, the deflection corresponding toa given 
current in the plate was noted. After reversing the current in the 
plate the deflection was again noted. The mean of four such obser- 
vations was used in calculating the relative specific resistances of 
the plates. From the distance between A and B and the thickness 
and width of each plate, the deflection corresponding to the same 
current density in each plate was calculated, when the distance 
between A and B was 1.0cm. These deflections were proportional 
to the specific resistances of the plates. 

In order to obtain the temperature coefficient of the resistance, 
with a suitable current in the plate, the deflection of the galva- 
nometer was noted, when the plate was immersed in a mixture of ice 
and water. The plate was then introduced into a steam bath at 
atmospheric pressure and when temperature equilibrium had been 
established, the deflection of the galvanometer was again noted. 
The temperature coefficient of the resistance of the plate is then 
given by the equation, 

dio — do 
«100d» 


’ 


where d;o9 is the deflection when the plate is in the steam-bath and 
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dy the deflection when the plate is in ice and water. In the case 
of the bismuth-antimony alloys, an oil-bath at room temperature 
was used instead of the steam bath. The temperature of the oil- 
bath was determined by a thermometer graduated to 0.1° C. The 
temperature coefficient of these alloys is, therefore, the average 
temperature coefficient between 0° and 22° C., while that of the 
other alloys is the average temperature coefficient between 0° and 
100° C. The deflections of the galvanometer were nearly pro- 
portional to the applied electromotive forces, so that no serious 
error was introduced from this source. 


a £ (3) X10 


1 





100 


Fig. 2. 
Bismuth-antimony alloys. Curve I., electrical resistance. Curve II., temperature 
coefficient of resistance. 


In Fig. 2 the results of the observations on the bismuth-antimony 
alloys have been plotted. Curve I. shows the relation between 
the specific resistance at 0° C. and the percentage by weight of 
antimony. The ordinates are proportional to the specific resist- 


ances and the abscisse give the percentages by weight of antimony. 
Curve II. shows the dependence of the average temperature coeffi- 
cient of the resistance between 0° and 22° C. on the composition. 
The ordinates represent the temperature coefficient of the resistance 
and the abscissa have the same meaning as they have in Curve I. 
It will be observed that whereas the addition of a small amount of 
antimony causes an increase in the resistance it causes a decrease 
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in the temperature coefficient of the resistance. When about 10 
per cent. of antimony is present in the alloy, the resistance reaches 
a maximum but the temperature coefficient has a minimum. Fur- 
ther increase in the percent- 
age of antimony causes a 
decrease in the resistance 
but an increase in the tem- 
perature coefficient. The 
general form of Curve I. is 
the same as that given by 
Haken,' when resistances in- 
stead of electrical conduc- 
tivities are plotted for ordi- 
nates in his curve. The dis- 
crepancies may be attributed 
largely to impurities and to 
the different conditions un- 
der which the alloys solidi- 
fied. 


The fusion curve for bis- 





20 40 60 80 ©=«._:100 
Fig. 3. 

Fusion curve for bismuth-antimony alloys. 
muth-antimony alloys, as 
obtained by Hiittner and Tammann? is reproduced in Fig. 3. This 
curve shows that bismuth and antimony form a continuous series of 
mixed crystals without the formation of any compounds. It appears 
according to Guertler® that it is only where the metals form com- 
pounds, that either the curve relating resistance and percentage 
of one component or the curve relating temperature coefficient of 
the resistance and percentage of one component shows a singular 
point. Singular points were not, therefore, to be expected in the 
curves in Fig. 2. On the other hand, there are in these curves the 
well defined maximum and minimum which are characteristic of 
this class of alloys. 

Fig. 4 and Fig. 5 give the results for the antimony-cadmium and 
antimony-zinc alloys, respectively. Curve I. in each figure shows 


MIbid., p. 327. 
*Zeitschr. f. anorg. Chem., 44, p. 131, 1905. 
8Ibid., p. 403. 
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the dependence of the resistance on the composition and Curve II. 
the dependence of the temperature coefficient of the resistance on 
the composition. In each of the curves marked I. the ordinates 
are proportional to the specific resistances at 0° C. and in the curves 
marked II. the ordinates give the average temperature coefficient 
between 0° and 100° C. The abscisse in Fig. 4 are percentages 











10 20 30 40 60 60 70 10 20 30 40 650 60 70 
Fig. 4. Fig. 5. 
Antimony-cadmium alloys. Curve I., electrical Antimony-zinc alloys. Curve I., electrical 
resistance. Curve II., temperature coefficient resistance. Curve II., temperature coefficient 
of resistance. of resistance. 


by weight of cadmium and in Fig. 5, percentages by weight of zinc. 
It will be observed from these curves that with an increasing per- 
centage of cadmium or zinc, the resistance of the alloy increases, 
at first slowly and then very rapidly, until the metals are present 
in the ratio of their atomic weights, where the resistance of the 
alloy is enormously higher than that of either component entering . 
into it. A further increase in the percentage of cadmium or zinc 
causes the resistance to drop suddenly to a value which is of the 
order of magnitude of the resistance of the cadmium or zinc. 
The addition of either cadmium or zinc to antimony causes the 'f 
temperature coefficient of the resistance to decrease. This decrease 
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is at first very rapid, until the alloy contains about 10 per cent. of 
either cadmium or zinc. With further increase in the concentration 
of either cadmium or zinc the temperature coefficient of the resist- 
ance continues to decrease, more and more slowly, until equal 
chemical equivalents of the metals are present. When this con- 
centration has been reached for either series of alloys, a further 
increase of cadmium in one case or of zinc in the other case makes 
the temperature coefficient jump to a value which is somewhat less 
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Fig. 6. 


Fusion curve for antimony-cadmium alloys. 


than that for a pure metal. Still further increase in the concentra- 
tion of either cadmium or zinc causes the temperature coefficient 
of the resistance to increase slowly and it seems to approach the 
value of that coefficient in the pure metal. 

In Fig. 6 and Fig. 7 are given fusion curves for antimony-cadmium 
and antimony-zinc alloys respectively, the former by Treitschke,! 
the latter by Monkemeyer.? From Fig. 6 it is seen that when the 


1Zeitschr. f. anorg. Chem., 50, p. 217, 1906. 
*Zeitschr. f. anorg. Chem., 43, p. 182, 1905. 
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antimony and cadmium are present in the ratio of their atomic 
weights, they form the compound, SbCd. Similarly, the melting 
curve in Fig. 7 shows that when the antimony and zinc are present 
jinn in the ratio of their atomic 
weights, the compound SbZn 
is formed. An examination 
of Fig. 4 in connection with 
Fig. 6 brings out the fact 
that where the antimony 
and cadmium form the com- 
409 me | pound SbCd, the curve rela- 
3 ting resistance to composi- 
tion of the alloy and the 
curve relating the tempera- 
ture coefficient of the resist- 
ance with the composition 
each have a singular point. 





240 Analogous results are arrived 


20 40 60 80 100 : : 
at for the antimony-zinc al- 


Fig. 7. F _ 
— nt loys by an examination of 
Fusion curve for antimony-zinc alloys. “4 

Fig. 5 in connection with Fig. 
7. These results confirm the relation pointed out by Guertler! be- 
tween resistance, temperature coefficient of resistance, and compo- 


sition of the alloy. 


THERMOELECTROMOTIVE FORCES. 


For the approximate determination of the thermoelectromotive 
forces the plates were placed in a rectangular brass box which was 
separated into two compartments by a partition of hard fiber. The 
plates were thrust through the partition so that one end of the 
plate was in one compartment, the other end in the other compart- 
ment. One compartment was filled with a mixture of ice and water, 
the other with water at room temperature. The temperatures of 
the ends of the plate were determined by means of copper-german- 
silver thermal couples which were soldered to the ends of the plates. 
The copper wires of these couples could by means of suitable 


MIbid., p. 412. 
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switches, be connected with a d’Arsonval galvanometer on which 
the thermoelectromotive force between the ends of the plate could 
be observed. To prevent error due to drift of temperature, the 
temperatures of the ends of the plates were determined immediately 
before and after the observation of the desired electromotive force. 
The mean of the respective temperatures thus obtained has been 
used in the calculation of the thermoelectric heights of the plates. 


i} EMFx10° 


SEMFx10°¢ 





4 
-6 
20 40 60 
Fig. 8. Fig. 9. 
Thermoelectric heights of bismuth-antimony Thermoelectric heights of antimony- 
alloys. cadmium alloys. 


The results of these observations for the bismuth-antimony alloys 
are to be found in Fig. 8; those for the antimony-cadmium alloys 
in Fig. 9; and those for the antimony-zinc alloys in Fig. 10. In 
each of these curves the ordinates are the average thermoelectric 
height between 0° and 20° C. The abscisse in Fig. 8 are weight 
per cent. antimony; those in Fig. 9 weight per cent. cadmium; 
and those in Fig. 10 weight per cent. zinc. The character of the 
curve for the antimony-bismuth alloys is the same as that given 
recently by Haken! and that given earlier by Becquerel.2 It shows 


'Ibid., p. 327. 
2Ibid., pp. 291-336. 
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a well defined maxmum when the alloy contains about 10 per cent. 
of antimony. The curve, however, shows no singular point and 
a singular point was scarcely to be expected, since there is no 
compound formed in the bismuth-antimony series. The analogous 
curves for the antimony-cadmium and for the antimony-zinc alloys 
agree in form with the curves given by Becquerel for these alloys. 
There are some discrepancies in the absolute values of the thermo- 
: ) electric heights. These discrep- 
ancies which may be attributed 
mainly to slight impurities in 


= EMPXIO" 


the alloys, are of no consequence 
in the present investigation, 
since the character of the curve 
19 was all that was desired. The 
addition of either cadmium or 
10 zinc to antimony causes a de- 
cided increase in the thermo- 
electric heights. This increase 
becomes more and more rapid 
with increasing concentration, 
until equal chemical equiva- 
lents of the metals are present. 
A further increase in the con- 


centration of either cadmium 





or zinc causes the thermoelec- 


20 40 60 
Fig. 10. tric heights to sink very rapidly 
Thermoelectric heights of antimony-zinc to a value which is of the order 
alloys. 


of magnitude of the thermo- 
electric height of the antimony. The largest value of the ther- 
moelectric height in the antimony-cadmium series is about seven 
times that for antimony and the largest value in the antimony-zinc 
series is about five times that for antimony. 

A study of Fig. 9, in connection with Fig. 6 and Fig. 10 in con- 
nection with Fig. 7, shows that the singular points in the curves 
relating the thermoelectric heights with the composition occur 
where the metals form compounds. It is also seen from these 
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curves that the alloy which has the highest resistance and the 
least temperature coefficient of the resistance, has the greatest 
thermoelectric height, and that the singular points in each of the 
curves appear for the same percentages of metals in the alloys. 


THe HAcvi EFFrect. 


The arrangement of the apparatus for the study of the Hall 
effect and the method of procedure were essentially the same as 
that used by the author' in an earlier paper. The plates, the 
dimensions of which have already been given, were arranged in 
the ordinary way for the observation of the Hall electromotive 
forces. The copper lead wires for connecting the plate to the 
battery were soldered directly to the plate. On either edge of the 
plate midway between its ends were soldered the copper lead wires 
which lead to the galvanometer on which the Hall electromotive 
forces were to be observed. The plates were mounted on rec- 
tangular pieces of hard fiber and held in position by covering the 
plate and fiber with paraffin. Suitable arrangements were made 
for holding the plates in position between the poles of the magnet, 
so that the lines of magnetic force would be perpendicular to the 
plane of the plate. Observations were made at room temperature. 

Experiment has shown that for a given metal or alloy, the Hall 
electromotive force E is given by the equation, 

: Hi 

E=R a4 
where H is the magnetic field in absolute units; 7, the current in 
absolute units; d, the thickness of the plate in centimeters; and 
R, a constant which is a function of the temperature and the 
strength of the magnetic field. Since the lead wires which were 
soldered to the edges of the plate for getting the Hall electromotive 
forces were not of the same material as the plate itself, there is 
superimposed on the Hall electromotive force a thermoelectromotive 
force which is caused by the inequality of temperature between 
the edges of the plate, when it is in the magnetic field. It has 
been found that this difference of temperature which was discovered 
by Ettingshausen, is given by the equation, 


IiPuys. REV., 30, p. I, IQI0. 
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Mi 
AT =p 7a ; 
where AT is the difference in temperature between the edges of 
the plate for a given magnetic field; H, the magnetic field in abso- 
_lute units; 7, the current in the plate in absolute units; P, a con- 
stant for a particular metal, at a particular temperature and field 
strength. If E denotes the Hall electromotive force, E’ the ob- 
served electromotive force, and 6 the thermoelectric height of the 
plate with respect to copper, then E = E’ + OAT and R’ = R + 
Pé@, where R’ is the value 
” of the Hall constant calcu- 
lated from the observed 


electromotive force without 


Qx10 


correction. According to 
Zahn,! P = 2X 10° for 


antimony and P=5 X 107° 


for bismuth. Approximate 
determination of P in the 





1 ‘ ; ‘ 

1 antimony-cadmium and in 

the antimony-zinc — series 
0 ; 

showed that it would not 
-1 have a value greater than 

20 40 60 80 100 ‘ ‘ 
the value in pure antimony. 
Fig. 11. 


; -_ The error due to this source 
Bismuth-antimony alloys. Solid curve shows 


Hall effect. Dotted curve shows Nernst effect. would not, therefore, eX- 


ceed about three per cent. 
for the most unfavorable cases and has been neglected in this work. 
This source of error has also been neglected in the bismuth-antimony 
alloys, although it amounted in some cases to about seven per cent. 
Correction for this error would not have changed the character of 
the curve and little importance is being attached to the absolute 
value of the effect. 
The values of R found for the bismuth-antimony alloys have been 
plotted in Fig. 11. The continuous curve in that figure shows the 
relation between R and the composition of the alloy. The ordinates 


1Ann. der Phys., 14, p. 886, 1904. 
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are the values of R at room temperature, when the magnetic field is 
10,400 absolute units and all of the quantities on which R depends 
are measured in the units indicated above. The abscisse are the 
percentages by weight of antimony. It will be observed that the 
addition of antimony to bismuth increases the value of R, until the 
alloy contains about 10 per cent. of antimony when the Hall effect 
is largest. A further increase in the percentage of antimony causes 
a rapid decrease in R which becomes nearly zero in an alloy con- 
taining about 70 per cent. of antimony. In alloys which contain 
more than about 70 per cent. of antimony the direction of the 
effect is the direction of the effect in antimony which is opposite 
to that in bismuth. It is to be observed that the character of the 
curve obtained for the Hall effect is very like that obtained for 
resistance and that for thermoelectric heights. In each case the 
curve has a maximum when the alloy contains about 10 per cent. 
of antimony and an increase in the concentration of the antimony 
above about 10 per cent. causes a continuous decrease in the resist- 
ance, in the thermoelectric heights and in the Hall effect. 

In the continuous curve in Fig. 12 the Hall constants for the 
antimony-cadmium alloys have been plotted against the percentages 
by weight of cadmium, the former as ordinates, the latter as 
abscisse. The strength of the magnetic field was 10,400 c.g.s. units. 
The first addition of cadmium to the antimony causes only a small 
increase in the Hall effect. With higher concentrations of cadmium 
the Hall effect increases more and more rapidly, until its value 
is about one hundred and fifty times the value in pure antimony. 
This very large value is found where the metals are present in the 
ratio of their atomic weights. When there is present in the alloy, 
a small amount of cadniium more than the equivalent of the anti- 
mony, the Hall effect drops suddenly to a value which is of the 
order of magnitude of the value in antimony. With further increase 
in the concentration of the cadmium the value of R continues to 
decrease and seems to approach the value of R in cadmium. By 
referring again to the fusion curves for the antimony-cadmium 
alloys, it will be seen that the singular point in the curve relating 
R and the percentage of cadmium, occurs where the antimony and 
cadmium form the compound SbCd. The behavior of the Hall 
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effect in this respect is analogous to the behavior of the electrical 
conductivity, the temperature coefficient of the resistance and the 
thermoelectric heights. 

The analogous observations on the antimony-zinc alloys are given 
in the continuous curve in Fig. 13. Here the abscisse are the 
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Fig. 12. Fig. 13. 
Antimony-cadmium _ alloys. Solid Antimony-zince a'loys. Solid curve 
curve shows Hall effect. Dotted curve shows Hall effect. Dotted curve shows 
shows Nernst effect. Nernst effect. 


percentages by weight of zinc. The temperature and strength of 
magnetic field were the same as in the case of the antimony-cadmium 
series. The first addition of zinc to the antimony seems to have 
a somewhat greater effect on the magnitude of the Hall effect than 
does the addition of cadmium. The largest value of the Hall effect 
in the antimony-zinc alloys is only about one half of the largest 
value in the antimony-cadmium series. Here again it is noticed 
that when the antimony and zinc are present in the ratio of their 
atomic weights the Hall effect has its largest value and the curve 
shows a singular point. The largest value of the effect in these 
alloys is about seventy times the value in pure antimony. As soon 
as there is present in the alloy somewhat more than 35 per cent. 
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of zinc, the value of the Hall effect sinks to a small fraction of its 
largest value, and with further increase in the concentration of the 
zinc the value of R continues to decrease, apparently approaching 
the value of R in pure zinc. By reference to Fig. 7 it will be seen 
that the singular point in this curve which has just been discussed, 
occurs where the antimony and zinc form the compound SbZn. 


NERNST EFFECT. 

v. Ettingshausen and Nernst! have shown that when a metal 
plate through which heat is flowing, is brought into a magnetic 
field so that the lines of magnetic force are perpendicular to the 
plane of the plate there is set up a difference of potential between 


the edges of the plate which are 

heii -— 
parallel to the direction of the flow R E 
of heat. Later experiments by ly N 


Nernst? and others have shown that 














6T 
s< bx’ a( 7 
where E is the electromotive force O O 
between the edges of the plate in 
c.g.s. units; H, the magnetic field 
in c.g.s. units; 8, the width of the 
plate in centimeters; 57/8x, the 

















Q, a constant which is a function of x 
the temperature of the plate, and 














temperature gradient in the plate; || B | 
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of the magnetic field and depends 
on the material of which the plate 
is made. 

To study this effect the plates were soldered to heavy narrow 
strips of copper K and L (Fig. 14), which had been previously 
brazed to the copper tubes X and Y, respectively. The tubes and 
plates were mounted on a suitable frame of hard fiber which afforded 





Fig. 14. 


the necessary protection from strains and also a means of fastening 
the plates in the proper position between the poles of the magnet. 


IWied. Ann., 29, p. 343, 1886. 
“Wied. Ann., 31, p. 760, 1887. 
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Steam at atmospheric pressure flowed through one of the tubes and 
through the other there was a continuous flow of water at room 
temperature. For the purpose of determining the temperature 
gradient in the plates, a copper-german-silver thermal couple was 
soldered to the plate at C and another at D. These points were 
so chosen that the couples, at a known distance from each other, 
were on the line midway between top and bottom of the plate. 
At A and B which lay on the vertical line midway between the 
edges of the plate was also soldered a copper-german-silver thermal 
couple. The copper lead wires lead to the d’Arsonval galvanometer 
on which the Nernst effect was to be observed. In series with 
the galvanometer was a slide-wire potentiometer 1 N by means of 
which any thermoelectromotive force in the circuit due to an in- 
equality of temperature between A and B could be compensated. 

The plate was placed between the poles of the magnet with its 
plane perpendicular to the lines of force and was well packed with 
cotton wool to prevent loss of heat by radiation. When tempera- 
ture equilibrium had been realized, the thermoelectromotive forces 
in the circuit were compensated on the potentiometer and when 
the magnetic field had been established, the deflection of the gal- 
vanometer produced by the difference of potential between A and 
B was noted. Four such observations were made. The direction 
of the magnetic field for two of them was opposite to that for the 
other two. 

If the lead wires are not of the same material as the plate which 
is being examined, the effect discovered by Leduc will always be 
superposed on the Nernst effect. Leduc! found that when a plate 
traversed by a current of heat is brought into a magnetic field in 
the way previously described, there occurs a rotation of the iso- 
thermal, so that A and B which were originally on the same iso- 
thermal are no longer at the same temperature. Since in these 
experiments the lead wires were of copper, this effect would give 
an uncompensated thermoelectromotive force in the circuit. It 
has been found that the value of AT, the change of temperature 
between A and B for a given magnetic field H, is given by the 
equation, 


1Compt. Rend., 104, p. 1783, 1887. 
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6T 
= SH ; 
AT = SE Be. 


6T 
5X? the temperature 
gradient in the plate. If @ is the thermoelectric height of the 
plate with respect to copper; E’, the observed electromotive force; 


where 8 is the width of the plate and 


and £, the electromotive force from the Nernst effect, after correc- 
tion for the Leduc effect; Q’, the constant in the equation for the 
Nernst effect calculated from the observed electromotive force, and 
Q the same constant after correction for the Leduc effect, the fol- 
lowing equations hold: 


E 


Q 


This source of error for most of the plates is quite large and has 
been the chief cause of uncertainty in the determination of the 
Nernst effect. It has been seen that the thermoelectric heights 
of some of the plates are quite large. In these plates any un- 
certainty in S introduces large errors in Q. By means of the 
thermal couples at A and B approximate values of S were obtained 
for the alloys studied in this paper. The value of S found for 
antimony was 2.0 X 10~*, when distances are measured in centi- 


E’ = AT@ 
and 


QO’ = SO. 


meters; temperatures on the Centigrade scale and magnetic field 
in absolute units. This value is in fair agreement with that given 
by Zahn and other observers. With the addition of either cadmium 
or zinc to the antimony the value of S decreased, so that for an 
alloy containing 30 per cent. of zinc and 70 per cent. of antimony, 
or for an alloy containing 40 per cent. of cadmium and 60 per cent. 
of antimony, the value of S was about one tenth of its value in 
pure antimony. For alloys containing more than 30 per cent. of 
zinc and for alloys containing more than 40 per cent. of cadmium 
the value of S was so small that it was impossible to determine it 
with any accuracy. For bismuth S was found to be 2.0 X 10~*. 
For alloys which contained less than 60 per cent. of antimony S 
was sometimes less and sometimes greater than in bismuth. The 
direction of the effect in bismuth and in the alloys which contained 
less than about 60 per cent. of antimony was opposite to that in 
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antimony. In alloys which contained more than about 60 per cent. 
of antimony the effect had the same direction as it has in antimony. 
For an alloy containing about 60 per cent. of antimony the value of 
S was nearly zero. The values of S obtained were only approximate 
and have not been tabulated in this paper, for they were desired 
only as corrections in the Nernst effect. 

In three of the bismuth-antimony alloys, viz., Bi 91 per cent., 
Sb 9 per cent.; Bi 82 per cent., Sb 18 per cent., Bi 75 per cent., Sb 
25 per cent.; it was found that the electromotive force from the 
Leduc effect was larger than that from the Nernst effect. Since 
the two electromotive forces have opposite signs, there was an 
apparent reversal of the Nernst effect for certain magnetic fields. 
The Leduc effect decreased rather rapidly with increasing magnetic 
fields, so that for the higher magnetic fields the electromotive force 
due to the Nernst effect exceeded that due to the Leduc effect 
and there was no longer an apparent reversal of the effect. The 
strength of the magnetic field above which there was no apparent 
reversal of the Nernst effect was considerably less for the plate 
containing 9 per cent. of antimony than for the plate containing 
25 per cent. of antimony. 

The results for the bismuth-antimony alloys have been plotted 
in Fig. 11. The dotted curve shows the relation between Q and 
the percentage by weight of antimony. The ordinates on the right 
hand side of the figure are for this curve. It will be observed that 
the direction of the effect is the same in bismuth and in antimony 
and in any of their alloys. The addition of antimony to bismuth 
causes a rapid decrease in the magnitude of the effect, so that the 
effect in an alloy containing 91 per cent. of bismuth and 9 per cent. 
of antimony is only a little larger than the effect in pure antimony. 
A further increase in the percentage of antimony causes the Nernst 
effect to decrease slowly and its value approaches ultimately the 


value of the effect in antimony. 

In Fig. 12 and Fig. 13 the dotted curves give the values of Q in 
the antimony-cadmium and antimony-zinc alloys, respectively. In 
Fig. 12 the abscisse are percentages by weight of cadmium and in 
Fig. 13 they are percentages by weight of zinc. @Q has been plotted 
for ordinates in each figure. The addition of either cadmium or 
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zinc to antimony causes a decrease in the magnitude of the Nernst 
effect. With further increase in the concentration of either cad- 
mium or zinc Q seems to pass through a minimum and then to 
increase to a value which is about the value of the effect in pure 
antimony. When the metals are present in the ratio of their atomic 
weights, where it has been seen that the compounds SbCd and 
SbZn are formed, each of the curves has a singular point which is 
very similar to the singular points in the curves which have been 
previously discussed. The increase in the concentration of the 
cadmium above that necessary to form the compound SbCd or 
that of the zinc above that necessary to form the compound SbZn, 
causes Q to sink rapidly to a value which is of the order of magnitude 
of its value in either cadmium or zinc. There is considerable un- 
certainty in the value of Q for the plates which contained equal 
chemical equivalents of the metals, because the thermoelectric 
heights of the plates is so large that any uncertainty in S which is 
small, makes a large error in Q. Concerning the break in the curves 
at the points indicated there can be no doubt. 


CHANGE OF RESISTANCE IN A MAGNETIC FIELD. 


To obtain the change of resistance in a magnetic field, the plate 
with the connections as indicated in Fig. 1 was placed between the 
poles of a large electromagnet in such a way that the lines of force 
were perpendicular to the plane of the plate. When temperature 
equilibrium had been established, with a suitable current in the 
plate and the magnetic field zero, the deflection of the galvanometer 
was noted. Everything else remaining unchanged, the magnetic 
field was established and the deflection of the galvanometer again 
noted. These observations which were made at room temperature 
were repeated several times. The direction of the magnetic field 
was reversed between successive observations. The change of re- 
sistance was calculated from the equation, 


AR _ dx—-h 
Ro ni do ; 


where dy is the deflection with the plate in a magnetic field of 
strength H, and d) the deflection with the magnetic field zero. 
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Observations were made on the plates containing less than 50 per 
cent. of antimony for four different magnetic fields, and on those 
containing more than 50 per cent. of antimony for three different 
magnetic fields. 





20 40 60 80 100 
Fig. 15. 


Bismuth-antimony alloys. Change of resistance in four different magnetic fields. 


The results of these observations have been plotted in Fig. 15, 
where the ordinates are the percentages of change of resistance and 
the abscissz are the percentages by weight of antimony. The curve 
marked I. is for 21,700 c.g.s. units; II., for 17,700 c.g.s. units; III., 
for 10,400 c.g.s. units and IV., for 5,500 c.g.s. units. The addition 
of antimony to bismuth causes the change of resistance in the mag- 
netic field to decrease and this decrease is considerably larger than is 
to be expected from the additive law, so that an alloy containing 
about 70 per cent. of antimony shows a change of resistance which 
is very little larger than the change of resistance in pure antimony. 
After the alloy contains about 70 per cent. of antimony a further 
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increase in the percentage of antimony seems to have little influence 
on the change of resistance in the magnetic field. 

In Fig. 16 curves are plotted showing the relation between the 
change of resistance and the strength of the magnetic field, for 
bismuth and four of these alloys. The ordinates in these curves 
are percentages of change of resistance and the abscisse the strength 
of the magnetic field in kilogausses per square centimeter. Curve 
I. is for bismuth; II., for Bi 91 per cent., Sb 9 per cent.; III., for 





3 6 9 12 16 18 21 


Fig. 16. 


Bismuth-antimony alloys. Relation between change of resistance and strength of 
the magnetic field. 


Bi 82 per cent., Sb 18 per cent.; IV., for Bi 75 per cent., Sb 25 per 
cent.; and V., for Bi 50 per cent., Sb 50 per cent. It will be seen 
that in bismuth the change of resistance increases somewhat more 
rapidly than the magnetic field. In an alloy containing 91 per cent. 
of bismuth and 9g per cent. of antimony the resistance still increases 
somewhat more rapidly than the magnetic field but the deviation 
from proportionality between change of resistance and strength 
of magnetic field is less marked than in the case of bismuth. In 
an alloy containing 18 per cent. or more than 18 per cent. of anti- 
mony the change of resistance seems to be nearly proportional to 
the strength of the magnetic field. 


SUMMARY. 


The electrical resistance, the temperature coefficient of the resist- 
ance, the thermoelectric heights, the Hall effect and the Nernst 








200 ALPHEUS W. SMITH. (VoL.XXXII. 


effect have been studied in three series of alloys, viz., bismuth- 
antimony, antimony-cadmium, antimony-zinc. For each of these 
series of alloys curves have been plotted showing the relation, (a) 
between the amount of one component and the electrical resistance, 
(6) between the amount of one component and the temperature 
coefficient of the resistance, (c) between the amount of one com- 
ponent and the thermoelectric heights, (d) between the amount of 
one component and the Hall constant, (e) between the amount of 
one component and the Nernst effect. From these curves the fol- 
lowing conclusions may be drawn: 

1. In the case of the bismuth-antimony alloys in which no com- 
pound of bismuth and antimony is formed, it is found that none 
of the curves have singular points but that each of them except 
one shows a well-defined maximum or minimum for an alloy which 
contains about 90 per cent. of bismuth and 1o per cent. of antimony. 

2. In the antimony-cadmium series of alloys in which the com- 
pound SbCd is formed, when the metals are present in the ratio 
of their atomic weights, each of the curves has a well-defined 
singular point corresponding to the compound SbCd. 

3. Similarly, in the antimony-zinc series of alloys in which the 
compound SbZn is formed when the metals are present in the ratio 
of their atomic weights, each of the curves has a well-defined singular 
point corresponding to the compound SbZn. 

The change in the resistance of the bismuth-antimony alloys 
when in a magnetic field has been studied and it has been found 
that the change of the resistance is not an additive property of 
these alloys. 


PuysiIcAL LABORATORY, 
OHIO STATE UNIVERSITY, 
COLUMBUS, OHIO. 
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ON THE SECONDARY 6 RADIATION FROM 
SOLIDS AND LIQUIDS. 


By S. J. ALLEN. 


HIS paper is a continuation of one on the same subject pub- 
lished in the PHysicAL REviEwW for December, 1909, and 
deals chiefly with the effect of changing the angle of incidence of 
the primary beam of rays. In that paper only one angle of inci- 
dence, about 70°, was used, and it seemed desirable to test what 
effect different angles of incidence would have on the relative order 
of the secondary radiations from the various substances. As stated 
before McClelland had shown that the angle of incidence had a 
large effect upon the relative magnitude of the secondary radiations 
of light atoms as compared to heavy ones. 

In my former paper the secondary radiation from a large number 
of solids, aqueous solutions of salts, and pure liquids, was given, 
and the results therein expressed seemed to show in my estimation 
many cases which were difficult to explain on the then existing 
theories of secondary radiations. In order to explain these anom- 
alous results I advanced the possibility that the secondary radiation 
of compounds might in some cases be largely affected by the chem- 
ical arrangement of the molecules. 

A preliminary investigation of the absorbing power of these liquids 
for the primacy 8 rays was also made, and the results obtained 
showed that in many cases the relative absorbing power followed 
the same order as the relative secondary radiation. In some cases 
this was not so, especially in those liquids which were highly volatile. 
Both in the case of secondary radiation and in that of absorption, 
the presence of heavy atoms could be easily traced by their in- 
creased effect. 

Since this paper was published several papers on the same subject 
have appeared, which discuss at more or less length my results. 
Borodowsky in the April number of the Phil. Mag., 1910, gives the 
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results of his investigation into the relative absorbing power of 
certain compounds, both solid and liquid, and concludes that the 
effects obtained in every way coincide with the present theory of 
secondary 8 rays. Knowing the constitution of a compound and 
the relative absorption of its constituents, the relative absorption 
of the mixture can be calculated. He also comes to the conclusion 
that the chemical arrangement of the molecules has no apparent 
effect on the absorption, which is only affected by the internal 
arrangement of the atoms. He draws attention to the fact that 
in a number of cases his results do not agree with mine, notably 
in that of ethelene chloride, and ascribes the difference to the 
imperfection of my methods. 

Mr. Borodowsky’s method is the same in principle as my own, 
he expressing the absorbing powers of the compounds in relative 
terms of aluminium, whilst I made use of water. His method of 
procedure in covering the liquid with a vapor proof cover is cer- 
tainly an advantage in many cases. In performing my experiments 
I was fully aware of the possibility of an error due to the column 
of vapor above the liquid and clearly mention this fact in my 
paper, though I did not think it was sufficient to account for the 
greatly anomalous results in many cases. The one substance which 
showed the most anomalous result was ethelene chloride, which 
gave an absorption much greater than one would expect. Borodow- 
sky however found this substance quite normal. 

In the May number of the REvIEwW Mr. Bragg replied quite 
sharply to my criticism of his theory of secondary y rays, and also 
criticises the conclusions which I draw from my results on the 
secondary 8 rays. Several of his students repeated my experiments 
on ethelene chloride and ethelene bromide, and found that these 
substances were quite normal and that ethelene chloride gave a 
very much less radiation than the bromide, quite the contrary to 


my results. 

About the time of the appearance of this paper I had occasion 
to make some density tests on these two liquids and found very 
much to my surprise that the densities obtained did not agree 
with the values in Landolt and Bérnstein’s tables. As far as I 
could make out the substance which I thought was ethelene chloride 
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was ethelene bromide, and the ethelene bromide, ethyl bromide. 
It seems that the bottles in which these liquids were furnished to 
me must have been incorrectly marked. This is the first oppor- 
tunity I have had of making this correction to my last paper. 
With this correction in view the results obtained are quite what 
one would expect for ethelene and ethyl bromide, and there is no 
need in these cases to consider any effect due to chemical grouping 
of the molecules. 

In a number of important papers H. W. Schmidt! has made 
valuable contributions to our knowledge of secondary radiations, 
and also developed theories with regard to the relation between 
the secondary and primary 8 rays for both simple substances and 
complex compounds. In the case of simple elements the equations 
arrived at are as follows: 


B_ a (a 2B 
owe + D 


[a +B — Vala + 28)], 


an 


Wwe 


p= 


where a@ represents the ‘‘absorption coefficient,’ 8 the “reflexion 
coefficient,’’ D the density of the absorbing substance. 1/y is equi- 
valent to the much used “penetrating power’ of the rays, and p 
to the maximum “secondary radiation.’”” a@ and 8 are connected 
in a simple manner with the density D, and the atomic weight 
A of the substance. From a large number of experiments on both 
solids and liquids Schmidt has deduced from empirical considera- 
tions the following: 


a = a B= OA-D, 
where c,; and ¢, are two universal constants, dependent only on 
the nature of the rays under consideration. If one knows y/D and 
p for any substance, or u/D for any two substances, then ¢, and C2 
can be calculated. For example Pb has a value for u/D of 7.9 
and for Al 4.7. The values of c; and cz are therefore 7.66 and 
0.113 respectively. 


1Part. I., Phys. Zeit., 10, 929-948, 1909; Part II., Phys. Zeit., Jan. 11, 1910, 262-273. 
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Now since D = NA (N = number of atoms in a cm.’), then we 
have 
a= aN’ A, 


B= @NA?. 


These simple equations can be applied to the case of compounds 
in the following manner: 


Let the compound be represented by X,,¥;, Z.,---. Then, 
a =oN(avA? + bY A? +cWA?+---), 
B = @N(aA?Z + dA? + cAZ+---), 


where A,, A, and A, are the atomic weights of the elements entering 
into the compound, N the number of molecules in a cm. of the 
compound. 
Put N = D/M, where M is the molecular weight of the compound. 
We have 


So Sia ¥A2 TY ee 
D~ M (aw A,? + OWA? + cVWAPZ+:-:), 
B_&, 2 2 -42 

D=M (aA,? + bA,? + cA, +-:-). 


Substituting these values of a and 8 in the first two equations we 
get 


er 
“uw— iI, 


M 
D 
and 
p - Vu = 3, 
where 
q (aWA2+bVWAPZ+cVAZ4+--- 
mee tne . ve fie peed 
B c (aA?+b6A,?+cA?+::-) 

Thus we see, on this simple theory of addition, that 4/D and 
p depend only on the universal constants ¢; and ¢:, and on the 
atomic weights of the atoms of the molecules of the compound. 
Example, water, (H2Q). 


¢ = 7.66; Gc = 0.113; A,=1; A,= 16; @=2; bD=1; 


a y 


VA? =I; VA? = 6.35; A,2?=1; A,? = 256. 
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Then, 
7-66(2 + 6.35) 


— 0.113(2 + 256) _ 3-194, 
V2 — 1 = 3.035, 
B _ 0.113 seal Zo 
a oe (2 + 256) = 1.619, 
M 


D 1.619 X 3.035 = 4.91, 


P 


Schmidt! has made a number of careful tests on the quantity 


3.194 — 3.035 = 0.159. 


u/D for both solids and liquids, which show good agreement with 
the values as calculated from the above equations. In the latter 
part of his paper he devotes considerable space to a discussion of 
my results, comparing the calculated values with my observed ones. 
The agreement is better in the case of the solid compounds, such 
as the bichloride, than in the liquids, and especially so for those 
compounds which have atoms of high atomic weight. He finally 
concludes that, within the errors of observation, my results form a 
confirmation of the correctness of his own theoretical assumptions 
and theories. 

The series of experiments in the present investigation were carried 
out in the same manner, and with almost the same apparatus as 
already described in my previous paper, and so a detailed descrip- 
tion will not be necessary here. The ionization chamber consisted 
of two hemispherical electrodes, the upper one made of very thin 
aluminium foil through which the rays could pass with very little 
absorption. 

The radium was placed in a small lead block, which could be so 
arranged that the primary 8 rays could fall upon the substance to 
be investigated at mean angles of incidence varying from 0° to 
about 60°. In the former work the angle of incidence was approxi- 
mately 70°. The ionization, as before, was balanced through the 
electrometer by means of an equal amount of opposite sign furnished 
by the standard radium preparation. Only a limited number of 

1 Loc. cit. 
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representative substances were tested, from the groups of solids, 
saturated aqueous solutions and pure liquids. The relative second- 
ary radiations were tested through the thin aluminium foil, and 
also through an additional layer of tin foil 0.oor mm. thick. 

The results obtained are expressed in Tables I-III. Three 
angles of incidence were chosen, viz., 0°, 30° and 50°. The first 
column for each angle of incidence gives the value of the secondary 
radiation through the aluminium, expressed in the arbitrary units 
of the electrometer, the second column the same through .oo1 mm. 
tinfoil, while the third column gives the per cent. of the primary 
beam transmitted through the tinfoil. 


TABLE I. 


Scattered 8B Radiation from Solids. 





| 
| 
| 





Radiation at ange Radiation at pay Radiation on howe 
of 0°, of 30°. of 50°. 

es Glac.|¢ cis Glac.|/¢,c\e &| ag8/e,-; 
Suberance: Bed | BES) Sas Bez SEG S48 Be2| S82) 828 
Se— Est sf2 fe€) Ese sf8 Eee Esé| £8 
e's 1 | SRE 3 | SEE 2 83 | QE 
e 3|& a” E & 3|* a &) & 3) &"3 (oe E 

sg ick ait 600 400 66.7 665 440 66.2 688 490 | 71.0 

Bismuth....... 615 405 65.8 683 448 65.8 696 503 71. 
Cadmium...... 443 288 | 65.0 558 340 —— 614 412 | 67.1 
Copper........ 354 227 64.0 400 256 64.0 496 335 | 67.5 
I asi ecese h x sosce 304 193 | 63.4 366 239 = 65.3 471 317 | 67.3 
Selpbur........ 245 139 | 56.7 324 198 61.0 404 282 | 69.8 
Aluminum ..... 205 115 | 56.1 260 153 58.8 370 248 67.2 
i. eee 134 64 | 47.7 180 100.) 55.5 292 203 | 69.5 

TABLE II. 
Scattered B Radiation from Aqueous Solutions. 
Radiation at Angle Radiation at Angle Radiation at Angle 
of 0°. of 30°. of 50°. 

Substance. $2¢ SEs €,8 $35 SE a6 G2¢ vy a4 
(852 £82 O83 go2/ Sig Sse sez s82 os: 
(ef& 68") Fe fee 686 She ESE E8e SME 
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Potassium iodide 4 
Lead nitrate..../ 277 | 172 | 62.1 | 327 | 196 | 60.0 | 4 
| 3 
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Cadmium iodide | 222 
Copper chloride. 190 | 


229 | 65.0 
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TABLE III. 
Scattered 8 Radiation from Pure Liquids. 

Radiation at Angle Radiation at Angle Radiation at Angle 

of 0°. of 30°. of 50°. 
se Glae:.| Ss\e @€\a2:.| S8s\a Gla..| 86 
Substance = "Bed | SEZ) a8 Bee) SEG] ae8 | See) SEs! e285 
ore ees! se? cee eee! sae féeé g&s | Sa 
S65 Se-i\ee2s £°5 Sori eves £°5/ 855) ces 
Methyliodide .. 511 — 564 340 = 60.3 631 — aoe 
Ethyl iodide. . 481 307 | 64.0 541 — — 600 397 | 66.2 

Tetra brom | | 
acetelene. ... 388 257 66.0 481 281 | 58.6 530 347 65.8 
Iod benzine ... 377 238 | 63.1 458 272 | 59.4 536 348 | 65.0 


Isoanyl bromide 368 | 230 62.5 446 | 266 | 59.6 515 | 340 66.0 
Ethelene 


bromide ..... 358 | 228 63.7 441 | 258 | 585 503 | 333 | 66.2 


5 
Ethel bromide... 323 | 207. 64.0 382 | 223 | 584 493 | — | — 
Brom benzene.. 310 | — | — 344 | 197 | 58.0 443 | 292 65.9 
Propyl bromide. 298 183 61.5 362 | 212 58.6 433 | 292 | 67.3 
Amyl bromide... 284 | — | — 333 | 182 | 56.0 433 285 | 65.8 


Meta brom 
| 
| 


aniline. ...... 265 162 | 61.1 320 | 187 | 584 408 | 273 | 66.9 
Chloroform .... 262 | 154 | 58.6 304 | 182 | 60.2 419 | 273 | 65.9 
Water......... 114 69 | 61.1. 170 | 96 | 56.5 280 | 182 | 67.5 
Ethylalcohol... 91 | 55 | 604 159 | 82 | 51.0 270 | 170 65.4 


ear 74 46 | 62.0 150 | 77 | S1.0 | 235 | 154 | 65.6 


An examination of the results therein contained will show clearly 
I think the following facts. 

Pure Solids—The elements of high atomic weight show very 
small change in their radiating powers with increasing angle of 
incidence, there being, in the case of lead, only an increase of 
about 7 per cent. for a change of angle from 0° to 50°. As the 
atomic weight decreases, the angle of incidence has a large effect 
upon the secondary radiation. In the case of aluminium the radia- 
tion increases about 80 per cent., and for carbon over I10 per cent., 
between 0° and 50°. 

If we consider the radiation after passing through the tinfoil 
the change is even more marked amounting to as much as 210 
per cent. in the case of carbon. The transmission of rays through 
the tinfoil at angle 0° is considerably greater for elements of 
high atomic weight than for those of low atomic weight, while 
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at 30° the difference is small, and at 50° practically the same for 
all atoms. This would seem to indicate that the velocity of the 
returned rays is not greatly affected by the nature of the radiating 
substance, except at small angles of incidence. 

Aqueous Solutions—In this table are four representative salt 
solutions, with elements of both high and low atomic weight. They 
show the same general characteristics as the pure solids; those con- 
taining elements of low atomic weight increasing more rapidly with 
increasing angle of incidence than those of high atomic weight. 


TABLE IV. 





Former Calculated 


Genatenes “. i 5°. | Values. (Schmidt). 
OS” EE re ee ee 719 719 719 719 | 719 
OS reer ere 738 739 730 723 721 
RIS Pao & Wass vas 53 604 614 625 611 
eee ~~ 424 433 496 526 488 
eee "3 365 396 471 474 462 
I Bn yo Seren sis See wc 294 351 404 408 336 
Aluminium........ Bava 245 281 370 359 296 
Methyl iodide. ..... - 613 610 631 658 593 
Ethyl iodide......... es 577 586 600 652 566 
Tetra brom acetelene ...... 476 520 530 580 518 
Iod benzene........... oe 452 495 536 588 502 
Iso amyl bromide......... 441 483 515. | 560 373 
Ethelene bromide........ 426 476 503 568 | 491 
Ethy! bromide ............ 387 413 493 490 487 
Propyl bromide........... 358 392 433 460 416 
Brom benzene........ 3494 371 372 443 382 376 
Amyl bromide............. 340 360 433 384. | 368 
Meta brom aniline ........ 318 346 408 378 | 362 
ON ES Pee 315 329 419 380 335 
NE ics Ns ca dacke Sa an res he 137 184 280 200 159 


Ethyl alcohol.............| 109 173 270 170 131 

The scattered radiation from a salt solution will depend to a 
great extent upon two factors; the number of atoms of the dissolved 
substance, and the number of atoms of the solvent. If the atoms 
of the solute are of high atomic weight we would expect very little 
increase in that part of the radiation due to them, and the great 


part of the increase would be due to the atoms of the solvent 
(in this case H.O). This is clearly seen in the case of cadmium 
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iodide, and copper chloride, where in the former, the increased 
radiation is only about 68 per cent., while in the latter it is about 
88 per cent. 

The penetrating power of the rays from the aqueous solutions 
is of the same general nature as for the pure solids, and at an angle 
of 50° is practically the same for all solutions. 

Pure Liquids.—The results as indicated in Table III. show that 
those liquids which contain heavy atoms have the greatest radia- 
tion, and the least increase with increase of angle of incidence. 
We also see that in any group containing the same kind of atoms 
the radiation in general is governed by the relative number of 
heavy atoms present. The penetrating power of the rays at 50° 
angle of incidence is practically the same for all substances. 

In Table IV. the results for the pure solids, and pure liquids, 
at the three angles of incidence, are shown expressed in terms of 
lead (719). The last column shows the theoretical values as calcu- 
lated from Schmidt's formule, already referred to at the beginning 
of this paper. It can be seen by an examination of this table that 
the experimental values for the radiation agree very well down to 
an atomic weight of about 50. Below 50 the experimental values 
for large angles of incidence are too large, and for normal incidence 
they are too small. At an angle of incidence of 30°, the agreement 
is very good throughout. 

In conclusion it can be said that the results expressed in this 
paper for compounds are in general agreement with those already 
found for pure solids by other experimenters, and show that the 
scattered 8 radiations from chemical atoms in compounds is governed 
by the same factors as in the pure atoms, viz., atomic weight, and 
relative number of heavy atoms present; also, that the change of 
secondary radiation with angle of incidence in compounds is the 
same as in pure elements, being small for heavy atoms and large 
for light ones. 

There seems no longer any reason for believing that the secondary 
8 radiations are other than the primary rays bent out of their 
path by collision with the atoms of the radiator. Bragg, in the 
paper already referred to, states that the chance of a ray being 
deflected in any one direction by an atom can be represented by a 
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radius vector drawn in the given direction. The loci of all these 
radii vectores gives the complete case. Madsen has done some 
work to show that these loci are nearly centric with the atom in 
the case of heavy atoms but eccentric for light atoms. This would 
suffice to explain, in the case of the present results, why it is that 
the radiation for light atoms increases so rapidly with increasing 
angle of incidence, whereas the increase for heavy atoms is so small. 
For example, in the case of a light atom lying at the surface of 
the radiator, at normal incidence the radii vectores drawn outward 
from the surface representing the chance of rays being deflected 
in those directions would be short, and consequently the secondary 
radiations small. As the angle of incidence increased the radii 
vectores outside of the surface would be increased. 


UNIVERSITY OF CINCINNATI, 


June, 1gro. 
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A SIMPLE METHOD FOR DETERMINING NOCTURNAL 
RADIATION! PROPOSED BY K. ANGSTROM 


- ° oe 
A. K:son ANGSTROM. 


~ a recent note on an application of the electrical method of 

compensation to the determination of nocturnal radiation? pub- 
lished in 1905, K. Angstrém has described a method for determining 
nocturnal radiation by means of a compensating instrument of his 
own construction. This compensating method which had been 
found so advantageous for the study of solar radiation was here 
applied to an instrument for determining terrestrial radiation. 
With this instrument one may determine at a given moment the 
absolute value of terrestrial radiation, and when it is a question of 
an absolute and exact determination the superiority of the instru- 
ment is unquestionable. 

The relation between radiation received by the earth (insolation) 
and radiation from the earth (irradiation) as well as the absolute 
values of these quantities is of prime importance alike for the 
determination of climatic conditions in various localities and for 
the study of the calorific economy of the earth in general. It is 
important therefore to facilitate as much as possible the study of 
these phenomena. For this purpose a simple method is necessary 
which will permit of the making of measurements as easily as is done 
in the case of ordinary meteorological observations. 

On account of the great cost of construction the compensating 
instrument does not lend itself, however, to the service of clima- 
tology and it demands at the same time an observer of considerable 
training. From the point of view of climatology it is not necessary 
moreover to determine the exact value of the irradiation or of the 
insolation at a given moment but to determine the integral radiation 
for a certain time. One might indeed apply the compensating 

1Translated for the PHysicAL REVIEW from the Transactions of the Royal Society 


of Sciences in Upsala by E. L. Nichols. 
2Nova Acta Reg. Soc. Sc. Upsaliensis (4), I., No. 2. 
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instrument for this purpose by changing it into a registering instru- 
ment but that would be too costly and very complicated. 

To satisfy the conditions of moderate price, simplicity of con- 
struction and ease of handling, while obtaining at the same time 
an integral value of the radiation, my father Prof. K. Angstrém 
whose death has postponed the publication of his latest work in 
this field, devised the instrument which I am going to describe. 

The principle of this instrument is as follows: A black surface 
radiates heat, it is thereby cooled and this cooling is compensated 
by the condensing of ether upon the surface. One determines the 
quantity of ether condensed and this quantity affords a measure 
of the intensity of radiation during a given time. 

The instrument is constructed of glass and consists of an upper 
reservoir e, Fig. 2, which serves as a distilling vessel and an interior 
reservoir L which terminates below in a vertical graduated tube bb 
about 15cm.in length. Above the interior reservoir is the blackened 
surface s which is simply the concave cover of the upper reservoir e 
drawn down toa point. The apparatus constitutes a closed vessel 
containing ether, the air within which has been driven off by ebulli- 
tion under the air pump. The glass parts are surrounded by an 
envelop of polished metal which enclose them on all sides, leaving 
only a circular hole above the blackened surface s. The glass is 
insulated from the metal by means of ebonite. 

The radiation from the blackened surface will evidently be greater 
than that from the other parts. It therefore becomes cooler than 
the surrounding parts but this cooling is compensated progressively 
in that the ether condenses upon the surface s from which it falls 
drop by drop into the graduated tube. To return the ether into 
the vessel e the apparatus is quietly tipped over after which it is 
returned to its upright position. 

By a comparison of the observations obtained with this apparatus 
with those made with the compensating instrument it is found that 
one may consider as a sufficiently good approximation: 


1,=kL,, 
where J, is the integral radiation for the time ¢ and L, is the increase 


in the height of the column of ether during the same time. The 
quantity & is the constant of the instrument. 
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If then 7 is the radiation in gr. cal. per cm.? per min. and 
1 = F(t), where ¢ is the time we shall evidently have 


I= { idt = [ F(t)dt=RkL,. 


If 7 is continually equal to 7, during the time /, which is commonly 


Fig? 
Sa 
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the case with nocturnal radiation during the greater part of the 
night, when the sky is clear, we get 
ij=k—. 
. t 
By means of the compensating instrument one may determine 1, 


with sufficient accuracy. One may thus ascertain k once for all 
by simple comparison and the apparatus will serve for the measure- 
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ment of irradiation. By multiplying the height of the column of 
ether by the constant k and by dividing the product by the time ¢ 
one gets a mean value of the irradiation. The following table 
shows good agreement between simultaneous observations made 
with the compensating instrument and with this condensing acti- 
nometer. The observations were made in the Physical Laboratory 
at Upsala by Mr. F. Lindholm of that institution and by the author. 


Instrument Used. 


Date. Temperature. ~ 
Condensing. Compensating. 
14 Sept. +10° 8.2 8.4 
~ «ee — 8 2.0 | 
6 Oct. +10° 8.9 9.0 
i — 7°.5 8.6 8.3 
5 Nov. + 3°.5 7.3 6.9 
, + 2 8.3 8.2 
8 0 12 7.5 
14 - 5 7.6 7.9 
15 — 6 aa Fi 
m6 * —10° 6.3 6.4 
ie — 9 7.0 7.0 
_ — 13° 6.1 6.1 
21 Dec. —13 6.4 6.2 


The influence of temperature is a question of great importance. 
One may see nevertheless from the table that for from + 10° to 
— 13° this influence is not large. It is clear from the foregoing 
that the apparatus possesses the following advantages: 

1. It is of the simplest possible construction which permits of its 
being handled by everybody. 

2. The influence of the heat by convection is reduced to a mini- 
mum; the lowering of the temperature of the surface being very 
small and the surface being protected from the direct action of 
the wind. 

3. The irradiation takes place from a surface which approaches 
as nearly as possible what we understand as an absolute black body. 

The instrument appears then to satisfy well all the conditions 
which we have spoken of above. It is the first device which has been 
constructed for the determination of integral radiation and by its 
supreme simplicity it may prove of great use to aeronauts as well 


as in meteorology and in agriculture. 
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FORMATION OF OZONE. 


REMARKS ON THE PAPER OF D. H. KABAKJIAN. 
By ARTHUR W. EWELL. 


if H. KABAKJIAN has an interesting article upon the forma- 

* tion of ozone in the August, 1910, number of this journal. 
He found that the yield of ozone per coulomb was practically in- 
dependent of the current density. As heimplies, this result appears 
contradictory to the observations of the writer, who found an 
optimum value of the current density, beyond which the yield 
decreased.! 

This apparent discrepancy disappears, however, if one compares 
the current densities and polar distances employed by the two 
observers. Kabakjian used comparatively low current densities 
and small polar distances. The writer showed that the optimum 
current depended upon the polar distance and occurred at increasing 
current densities as the polar distance was decreased. The mini- 
mum air space employed by the writer was 4.5 mm., while the 
maximum of Kabakjian was 3.2 mm._ If one compares the observa- 
tions for these two distances (allowance being made for the greater 
area of the writer's electrodes), it is seen that even for the greater 
distance, the writer also found approximately constant yields of 
ozone per coulomb up to the maximum current density employed 
by Kabakjian. If allowance is made for the difference in air space, 
the two yields are practically identical. The rapid increase of 
yield, followed by a decrease, is only found for such small polar 
distances by increasing the current density beyond the maximum 
employed by Kabakjian. 

As the writer has shown,’ the electromotive force which is plotted 
in Fig. 5 of Kabakjian’s paper and discussed on page 133 is very 
different from the actual electromotive force impressed upon the 
gas. It is difficult to apply his explanation of the influence of 
ultra-violet light to the great yield of ozone outside a quartz dis- 
charge tube. 


WORCESTER, November 10, Ig10. 


1Puys. REv., 1906, XXII., p. 232. 
2Am. Jour. of Science, 1906, p. 368; Phys. Zeit., 1906, p. 927. 
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THE KINETIC PRESSURE-DROP CORRECTION IN 
THE TRANSPIRATION METHOD FOR GAS- 
VISCOSITY. 

By WILLARD J. FISHER. 


HE writer has elsewhere,! following the lead of workers in the 
subject of liquid viscosity, indicated the need of at least 
determining the order of magnitude of the pressure fall due to the 
velocity of the entering and emerging gas streams at the ends of 
a capillary tube, in the transpiration method of determining the 
viscosity of a gas. M. Brillouin? has given a formula for this cor- 
rection, which the writer has criticised’ as involving an incorrect 
view of the relation of the velocity to the initial pressure. The 
following is presented as an approximation to the correct method. 
and the formula is evaluated from data of the writer to find whether 
the correction is sensible as compared with the inevitable errors of 
observation. 
In O. E. Meyer’s‘ integration of the equations of the gas-capillary 
assumptions are made which lead to this formula for the velocity 
at any point in the tube: 


p:? — pr (" — a’ *) 
Uu = — , 
2npl 4 2 
in which p; and pf, are the entrance and exit pressures, p the pressure 
at the point where the velocity is measured, n the viscosity coeffi- 
cient, ¢ the slip coefficient, / the length, a the radius of the tube, 
r the radius vector from the axis to the point in question. The 
mean value of wu? for any normal cross-section is then 

I 


is) 192 


Dn et 
(* ) [at + 12f%a? + 6fa'}). 


Applying this to the generalized form of Bernoulli’s equation,® 


1Puys. REV., 29, p. 151, 1909. 

2Lecons sur la Viscosité, II., p. 37. 

3Puys. REV., 29, p. 152, 1909. 

40. E. Meyer, Pogg. Ann., 127, p. 269, 1866. 

5See, e. g., Webster’s Dynamics, from which the notation is taken; p. 504, eq. 33. 
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V+P+ ¢/2 = const., 


in which V is the potential of external forces acting on the fluid, 
P = Jdpp = RT log p + const. (if Boyle’s law is assumed with 
isothermal expansion) and g? is the velocity squared, to be replaced 
in our case by (u?). The equations expressing the correction then 
become 


RT log (p/p’) + 3122) = 0, 


with subscripts 1 or 2, for entrance or exit end of the tube. ’ is 
the pressure at a point in the gas where the velocity is negligible, 
1. e., the measured pressure given by the manometers. 

In the expression for mean velocity the terms in brackets are 
of very unequal value. Using the dimensions of the writer’s capil- 
lary, and known data for air at ordinary temperature and pressure, 
we have: 


a= 5.5:10%, ¢ = 9.5-10~°. 
The terms in brackets then become 
at = 9.2-10-", 12¢%a? = 3.3-10-", 6fa* = 9.5-10-%, 


so that under the conditions of use of the writer’s apparatus, and 
in general for similar apparatus, the first term is the governing one, 


or 
4 


RT log (pi/pi’) = — <. [(b2 — pe) pill, 
384 

with a second similar equation with subscripts 2. Using this we 
may compute the value of log (p/p’), taking as experimental data 
the values given in the author’s tests on air, run no. 2.' In this 
pi’ was 96.457 cm. Hg, po’ was 62.273, the temperature was 24° C., 
the logarithm of the pressure factor for converting centimeters of 
mercury into dynes per square centimeter was 4.1229, 7 was 
0.000184, the length of the tube 49.6 cm., and R was taken 2.86: 10°. 
From these is found 


log, (po'/p2) = 0.000044, log, (pi’/p1) = 0.000019. 


1Puys. REv., 28, p. 104, 1909. 
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Hence p: is about 1/200 per cent. less than p»’, and pf; is about 
1/400 per cent. less than ~;’. This is a first approximation; a second 
approximation is not necessary, as these values are smaller than the 
errors of observation. With similar pressures, etc., the corrections 
for hydrogen gas would be about 56 times as large, and so not to be 


neglected. 
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PROCEEDINGS 
OF THE 
AMERICAN PHYSICAL SOCIETY. 


MINUTES OF THE FIFTY-FIFTH MEETING. 


a annual meeting of the Physical Society was held in the physical 
laboratory of the University of Minnesota, Minneapolis, on Decem- 
ber 28, 29 and 30, 1910, the meeting consisting of a series of joint sessions 
with Section B of the American Association for the Advancement of 
Science. During the morning session of December 28, and both sessions 
on December 29, the meeting was in charge of Section B, E. B. Rosa, 
vice-president of Section B, presiding. The afternoon session of De- 
cember 28, and both sessions on December 30, were in charge of the 
Physical Society, President Henry Crew presiding, except during the 
afternoon session of December 30, when Professor B. W. Snow acted 
as temporary chairman. 

The annual business meeting of the Physical Society was held during 
the afternoon session of December 28. In the absence of the Secretary 
M. G. Lloyd was elected secretary pro tem. Messrs. J. F. Hayford and 
W. J. Humphreys were appointed tellers to canvass the vote for officers. 
The following were elected: 

President: WW. F. Magie. 

Vice-president: B. O. Peirce. 

Secretary: Ernest Merritt. 

Treasurer: J. S. Ames. 

Members of the Council: R. A. Millikan and John Zeleny. 

The president-elect and the secretary pro tem. were elected represen- 
tatives of the Physical Society on the Council of the American Associ- 
ation. 

During the afternoon session of December 29, Section D of the American 
Association met with Section B and the Physical Society and the addresses 
of the retiring vice-presidents of the two sections were read, the titles 
being: 

The Broader Aspects of Research in Terrestrial Magnetism. By 
L. A. BAUER, vice-president of Section B. 
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The Relation of Isostasy to Geodesy, Geology, and Geophysics. By 
J. F. Hayrorp, vice-president of Section D. 

The morning session of December 29, in charge of Section B, was 
devoted to addresses on subjects of interest to the members of more 
than one section of the American Association. The program was as 
follows: 

Recent Advances in Phosphorescence and Fluorescence. Epw. L. 
NICHOLS. 

The Isolation of Ions. R. A. MILLIKAN. 

The International Electrical Units. (Report on changes to go into 
effect January, 1911.) E. B. Rosa. 

Osborne-Reynolds’ Theory of Gravitation. JOHN MACKENZIE. 

In addition to the addresses mentioned above the following papers were 
presented during the course of the meeting: 

The Ratio of the Two Heat Capacities of Carbon Dioxide as a Function 
of the Pressure and the Temperature. A. G. WORTHING. 

On the Adiabatic Expansion and Porous Plug Effect in Water between 
o° and 40°. JouHN R. ROEBUCK. 

Ocean Currents and Barometric Highs. W. J. HUMPHREYs. 

The Acoustic Shadow of a Sphere; the Theory and Certain Practical 
Applications. G. W. STEWART. 

On the Function of Rest in Restoring a Platinum-iridium Wire to its 
Annealed Condition. L. P. SIE. 

The Nature of the Recovery of Light-positive and Light-negative 
Selenium. F. C. Brown. 

On the Fluorescence Spectra of the Uranyl Salts and the Structure of 
Luminescence Spectra in General. Epwarp L. NicHOoLs and ERNEST 
MERRITT. 

The Effect of Red and Infra-red Rays on the Decay of Phosphorescence 
in Zinc Sulphide. HERBERT E. IvEs and M. LUCKIEsH. 

Experimental Indications of the Nature of Magnetism. S. R. 
WILLIAMS. 

The Effect of Magnetization on the Optical Constants of the Magnetic 
Metals. L. R. INGERSOLL. 

A Preliminary Report of Experiments on the Effect of Changes in the 
Pressure of Gases upon the Mobility of Positive and Negative Ions Pro- 
duced by the Discharge of Electricity from a Fine Point. E. J. Moore. 

On the Presence in Point Discharge of Ions of Opposite Sign. JOHN 
ZELENY. 

The Coefficient of Recombination of Ions in Carbon-dioxid and Hydro- 
gen. HArRy A. ERIKSON. 

The Light-emission of Tungsten, Tantalum, and Carbon as a Function 
of their True Temperature. C. E. MENDENHALL and W. E. ForsyTHeE. 
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The Pentane Lamp as a Primary Light Standard. FE. B. Rosa and 
E. C. CRITTENDEN. 

The Second Postulate of Relativity. O. M. STEwart. 

A Method of Measuring the Fluctuations in a Rapidly Varying Re- 
sistance. F.C. Brown and W. H. CLark. 

The Causes of Zero Displacement and Deflection Hysteresis in Moving- 
coil Galvanometers. ANTHONY ZELENY. 

A Probable Explanation of the Irregularities Obtained by Ehrenhaft 
and Przibram in their Work on the Value of the Elementary Electrical 
Charge. HARVEY FLETCHER. 

Diffraction and Secondary Radiation with Short Electric Waves. A. 
D. Coe. 

Notes on the Discharge of Electricity through Gases. G.S. FULCHER. 

The Free-expansion and Joule-Kelvin Effects in Air and in Carbon- 
dioxide. A. G. WorTHING. 

Ocean Currents and Barometric Lows. W. J. HUMPHREys. 

Note on a Form of Spectrophotometer. EDWARD L. NICHOLS and 
ERNEST MERRITT. 

On the Temperature Coefficients of the Free and the Absorbed Charges 
in Electric Condensers. ANTHONY ZELENY. 

The Effect of Wave Form upon Incandescent Lamps. M. G. LLoyp. 

The Question of Valency in Gaseous Ionization. R. A. MILLIKAN and 
HARVEY FLETCHER. 

A Kinetic Theory of Gravitation. CHARLEs F. BRuUsH. 

On a Variation in the Intensity of the Penetrating Radiation at the 
Earth's Surface Observed during the Passage of Halley's Comet. A. 
THOMSON. 

On the Resolution of the Spectral Lines of Mercury. J.C. MCLENNAN 
and E. N. MACALLUM. 

Terminal Velocity of Fall of Small Spheres in Air at Reduced Pressure, 
L. W. McKEEHAN. 

The Effect of Distance upon the Electrical Discharge between a Point 
and a Plane. O. Hovpa. 

A Lecture Electroscope for Radioactivity. JOHN ZELENY. 

A Variable High Resistance of India Ink on Paper. FRANz A. Aust. 

The Electrical Discharge between a Pointed Conductor and a Hemi- 
spherical Surface in Gases at Different Pressures. FRANZ A. AUsT. 

The Transmission of Excited Radioactivity. FE. M. WELLIscH. 

Infra-red Gratings. C. F. BRACKETT and A. TROWBRIDGE. 

M. G. Lioyp, 
Secretary pro tem. 
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ON THE ABSORPTION OF THE y RAys OF RADIUM BY SOLIDs.! 
By S. J. ALLEN. 


HERE is considerable discussion at the present time as to whether the 

rays are homogeneous or not. Work done by Soddy and Russell 

seems to point to the conclusion that after the secondary disturbing effect 

has been eliminated the y rays are homogeneous. The correctness of this 

view has been questioned by Kleeman. In the past, experimenters on this 

subject have differed quite widely in their results, some reaching the conclu- 

sion that the rays after having passed through a sufficient layer of material 

are homogeneous, and that Ad is a constant, whereas others obtained results 

showing that A/d is not a constant, even after very thick layers have been 
traversed. 

The difficulty in interpreting the various results evidently arises from the 
fact that it is hard to decide just what the effect of secondary rays is. 

During the past year and a half the author has worked from time to time 
on the subject, and the results obtained are incorporated in the present 
paper. 

The apparatus and the method of procedure used is very simple, and is 
illustrated in the accompanying figure. A represents a brass box, open at 
= the top and supporting a gold leaf electroscope 

B. The electroscope is of the usual type, with 

| guard ring, and sulphur insulation, the fall of 


ty 


the gold leaf through a fixed distance being 
\ observed by means of a reading microscope. 
The radium was placed at the bottom of the 








brass box and covered with a sheet of lead of 





? 4 about 7 mm. thickness. At a variable distance 
was placed a horizontal platform of thin alumi- 
num,cd. The entrance to the electroscopefg was 
covered in some cases with a layer of thin paper, 





and in others by a lead plate of about 7 mm. 

| thickness. 

| | The readings of the electroscope were correct 
oe to at least one half of one per cent. Since the 
Fig. 1. value of A was generally calculated from two 














readings of the ionization not differing by more 
than 10 per cent., the error in it might be as great as five per cent. Ina 
great many cases it would be less. 
A series of tests under various conditions were made for both solids and 
liquids. These tests were made under the three following conditions: 


1Abstract of a paper presented at the Chicago meeting of the Physical Society, 
November 26, 1910. 
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1. When the absorbing layer was placed at ab directly over the radium 
and gradually increased in thickness, values of \ being calculated for each 
succeeding layer. 

2. When the absorbing layer was placed at cd, about 5 cm. from ab, and 
gradually increased in thickness, as in (1). 

3. When both (1) and (2) were repeated with a layer of lead of 7 mm. 
placed over the electroscope opening fg. 

Also in (2) and (3) the absorbing layer was kept constant and gradually 
increasing layers of various materials was placed under it. 

A typical series of results under these three conditions is given in the 
following Table I. 

An examination of these results leads to the following conclusions: 

(a) Under condition (1) the values of \/density are very irregular and far 
from constant. AX itself for any substance is not constant but varies both 
with the thickness and the position of the absorbing layer. For low atomic 
weight substances A increases with the thickness, but for those of high atomic 
weight it decreases. For substances having an atomic weight of about 100 
there is very little change. 

When the radium is covered with a thick laver of lead the emerging rays 
are hardened (A smaller) but when they pass through a thick layer of iron 
they are softened (A greater). 

(b) Under condition (2) the values of A/density are more regular, and for 
those substances having atomic weights up to about 100 this ratio is nearly 
a constant. X still decreases with thickness for high atomic weight sub- 
stances, but more slowly than before, while for low atomic weight substances 
it is nearly constant. 

(c) Under condition (3), the values of X/density are still better, though 
those for atoms under 100 do not differ much from those of (2). The values 
for lead, mercury and bismuth are much lower than those of (2). It was 
found that the values of X for lead at different thicknesses still decreased; 
for example, after passing through 50 mm. of lead the value of \ had changed 
from .554 to .398. On the other hand, the value of \ for lead, after the rays 
had passed through 60 mm. of iron, was .539 or about the same as when the 
iron was not present. 

(d) Bismuth always gives unusual values; and \/density for it is in general 
greater than due to lead, which fact must certainly be accounted for by its 
high atomic weight. 

(e) If we leave out the high atomic weight elements, lead, mercury and 
bismuth, we find that the average value of A/density is .0382. The value 
given by Soddy and Russell is .0399. It is thus seen that the apparent 
value of \ depends greatly on the experimental disposition used, and on the 
atomic weight of the absorbing substance. The density has no apparent 
effect upon the value of X. 














Substance. 


Platinum .... 
Mercury... 
Mercury..... 
Palladium ... 
Bismuth. .. 
BOO0.. 5. 
eee 
Sever ... 
Copper... .. 
Copper...... 
Wrought iron 
Wrought iron 


Sulphur ... 
Aluminum... 


Ra Covered with 24.5 mm. Lead. 


Bismuth... .. 
Silver 
Copper. .... 
Wrought iron 
Wrought iron 
eee 
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Thickness 
in mm. 


O- 1.0 
O- 4.0 
16-20 

O- 1.0 
O- 3.25 
O- 3.0 
18-21 

O- 3.2 
O- 6.0 
15-18 

O- 3.0 
15-18 

O- 4.0 
0O- 6.9 
O- 8.7 


on 


~ 
Nm Yo Ww 


O- 
O- 6. 
18-24 
O- 3.36 


on 


Ra Covered with 7 mm. Lead. 


1.043 
.669 
.406 


.0736 


464 
344 
.323 
245 
.249 
494 
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TABLE I. 


Ra Covered with 7 mm. Lead + 15mm. Iron. 


go . g 2 
su Z Substance. by og A x8 
<Q =a 
4.85\\Lead ......... O- 3.36 .769 6.75 
4.92 Silver O- 3.2 | .508 4.84 
3.43 Copper . O- 2.15 .448 5.03 
4.09 Ra Covered with 7mm. Lead and Screen 
5.25 5 cm. Away. 
5.44 Mercury O- 4.08 .660 4.89 
4.39 Bismuth . O- 3.25 .607 6.19 
Ca |) SY re O- 3.36 .664 5.82 
eR et.” O- 3.2 .442 4.21 
3.39 Copper . O- 3.35 .331 3.72 
2.64 Copper . 10-13.4 .313 3.52 
3.73 Wrought iron 0O- 6.1 .296 3.79 
2.95 Cast iron 0-10.6 .259 3.67 
3.00||\Sulpnur. ...... 0O- 6.9 .0897 4.46 
2.60 Nickel........ O- 4.0 .357 4.49 
Aluminum .... O- 6.83 .110 3.88 
Same with Electroscope Covered by 
4.73 6.6 mm. Lead. 
eof) eo ee O- 3.36 .554 4.86 
3.63 Mercury .... O- 2.04 .621 4.58 
3.14 Mercury ...... 6.12-12.24 .554 4.07 
3.19 Bismuth ...... O- 3.25 .496 5.06 
4.353 )\SHVEL . oc... O- 3.2. 421 =4.00 
Wrought iron 0O- 6.1 .278 3.58 
Cast iron...... 0-10.1 .262 3.72 
ee O- 3.33 .333 3.74 
Copeer ....... 10.1-13.4 | .331 | 3.72 
Sulphur... O- 6.9 .0790 3.93 


It is difficult to estimate the part played by the secondary rays, but in 
Whether this effect can be entirely eliminated by 


many cases it is large. 


any special experimental disposition is still open to question. 


UNIVERSITY OF CINCINNATI, 
November 15, 1910. 
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ON THE ABSORPTION OF y RAys OF RapDIUM BY LIQuIDs.! 
By S. J. ALLEN. 


HESE experiments were made in exactly the same manner as those 

for solids, described in this same issue. The liquid was placed in a 

cylindrical glass cell, and the cell situated at a distance of about 5 cm. from 
the radium. The radium was covered with 7 mm. of lead. 

Before a reading was taken enough liquid was poured into the cell to cover 
the glass bottom and thus ensure a level surface to measure the thickness 
from. The thickness was measured both directly and by means of a cali- 
brated pipette. 

Two series of tests were made: (1) When the bottom of the electroscope 
was covered with a very thin layer of paper. (2) When the bottom was 
covered with 7 mm. of lead. The results of these two tests are shown in the 
following table. Both pure liquids and saturated aqueous solutions of the 
salts were tested. 








TABLE I. 
Cell Placed 5 cm. from Ra. Electroscope Covered with 7 mm. Lead. 
Thick- gif Thick- ge 
ubstance. ness in A | X 3 Substance. ness in A x S 
mm. z 3 mm. < 8 
Water.........../0-20.4| .0462| 4.62 | Water.......... 0-18.4 .0465 4.65 
Ethyl alcohol. .... 0-20.0 .0352! 4.40 Amy] alcohol. ... 0-18.3 .0355 |) 4.37 
Amy! bromide. ... 0-20.0, .0544 | 4.50 Amyl bromide... 0-18.3 .0497 4.11 
Carbon tetra | lod benzene. .... O- 6.5 .074 4.05 
bromide. ...... 0-14.8) .1144) 3.73 Chloroform..... 0-18.4 .0603 4.06 
lod benzene. ..... 0-20.0 .0783| 4.28 Sulphuric acid... 0-18.4 .0757. 4.11 
eee: 0-20.0 .0326| 4.46 —— — : ———— 
Ethyl iodide...... 0-12.0) .0860 | 4.52 Lead nitrate ....0-18.4. .0652 4.82 
Methyl iodide .... O0- 8.0 .0907| 4.12 Lead nitrate .... 0-32.7 .0636 4.68 
Brom benzene .... 0—20.0 .0607| 4.04 Potassium iodide 0-18.4 .0658) 4.17 


Ethelene bromide . 0-18.0 .0870| 3.95 Potassium iodide 0-26.5 .0653 | 4.21 
Meta brom anilene 0-20.0 .0731 4.56 | Copper chloride . 0-18.4 .0609 4.22 
Propyl bromide... 0- 9.0 .0617 4.54 Copper chloride . 0-32.7  .0612 | 4.25 
Iso amyl bromide . 0-19.0 .0685 4.10 Cadmium iodide. 0-18.4 .0549 | 4.28 
Bismuth trichl. . 0-18.4 .0465 4.33 
Lead nitrate...... 0-20.0 .0754 5.57 
Potassium iodide . 0-20.0 .0760 4.81 
Copper chloride... 0-20.0 .0594 4.12 


From an examination of this table it can be seen that the results for 
liquids are very similar to those for solids. For those liquids not containing 


{Abstract of a paper presented at the Chicago meeting of the Physical Society, 
November 26, 1910. 
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atoms of high atomic weight A/density is nearly constant, but for the liquids 
of high atomic weight this ratio is much larger. The value for lead nitrate 
is practically the same as for solid lead. Excluding lead nitrate and water 
the ratio \/density in the (2) case is 4.18. 


A NEw FORMULA FOR THE VAPOR TENSION OF WATER BETWEEN 


0° AND 200° C.! 


By K. E. GuTHE AND A. G. WoRrRTHING. 


HE pressure of saturated water vapor has recently been very accurately 

determined for the interval from 50° to 200° C. by Holborn and 

Henning,’ and for the interval from 0° to 50° C. by Scheel and Heuse.’ 
Thiesen’s empirical formula 


(t + 273) log £ = 5.409(¢ — 100) — 0.508 X 10 8(365 — t)4 — 2654 (1) 
/ 


represents very closely the results between 0° and 100°, but leads to increasing 
differences at higher temperatures, reaching the large value of 0°.35 C. at 
200°. Holborn and Baumann‘ propose the following formula for the interval 
between 100° and 200°: 


(t + 273) log = = 5.3867(t — 100) — 0.5262 X 10 9(365 — t)4 — 2654. (2) 
4 


This gives a very good agreement between observed and calculated values 
for the range of temperature in question, but the equation does not fit as 
well as Thiesen’s formula for the lower temperatures. Nernst® proposes a 
still more complicated equation, which, though very interesting from a theo- 
retical point of view, can hardly be considered as of value for rapid calculation. 

We have found the following simple formula to be very convenient and 
of great accuracy 


log” 13.949046 
log p = 7-39992 — — pas ~ y (3) 


where ? is the pressure of the saturated vapor and @ the absolute temperature 
(= 273°.1 +12). This equation has not only the great advantage of simplicity 


1Abstract of a paper presented at the Chicago meeting of the Physical Society, 
November 26, 1910. 

2Holborn and Henning, Ann. Phys., 26, 833, 1908. 

3Scheel and Heuse, Ann. Phys., 31, 715, 1910. 

‘Holborn and Baumann, Ann. Phys., 31, 945, IgIo. 

‘Nernst, Verh. d. d. Phys. Ges., 12, 565, 1910. 
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of form, as compared with those mentioned, but it also fits the observed 
vapor-tension curve in the whole interval between 0° and 200° C. more 
closely than any of the others. 

Table I. allows a comparison between the three equations. Under observed 
values are given those of Scheel and Heuse from 0° to 50°. But since the 
value of the pressure at 50°, found by them, namely 92.54 mm. of mercury, 
exceeds the corresponding value given by Holborn and Henning, by 0.24 
mm., it seemed best to increase the values, given by these experimenters for 
60° and 70°, by 0.16 mm. and 0.08 mm. respectively. For 80° and go° 
Holborn and Henning’s values were assumed to be correct. 








TABLE I. 
Thiesen. Holborn a. Baumann. Guthe a. Worthing. 
Temp. Pp. obs. ——— - — - 
Pp, calc. ap p, cale. ap fp, calc. Ap 
= =m. oy, —_ mm. 7 ; mm. oie 
0 4.579 4 586 0.007 4.577 —0.002 4.579 0 
10 9.210 9.214 0.004 9.207 —0.003 9.207 | —0.003 
20 17.539 17.544 0.005 17.546 0.007 17.539 0 
30 31.834 31.841 0.007 31.839 0.005 31.835 | 0.001 
40 55.341 55.350 0.009 55.406 0.065 55.341 | 0 
50 92.54 92.55 0.01 92.66 0.12 92.54 0 
60 149.35 149.42 0.07 | 149.60 0.15 149.41 0.06 
70 233.61 233.71 0.10 | 233.96 0.35 233.74 0.13 
80 355.1 355.15 0.05 355.45 0.35 355.14 0.04 
90 525.8 525.79 —0.01 526.02 0.22 525.76 


—0.04 


In Table II. the differences between the observed values of ¢ for the 
interval from 0° to 200° and the values calculated from our formula are 


given. 
TABLE II. 

a °° 10° 20° 30° 40° 50° 60° 
tobs. — calc. 0 —0°.005 0 +0°.001 0 0 +0°.009 

ba ~ ae 70° 80° go° 100° 110° 120° 130° 
tobs. —tcale. +0°.012 +0°.003 —0°.002 0 +0°.01 +0°.02 +0°.03 

ba 140° 150° 160° 170° 180° 190° 200° 

+0°.05 +0°.05 _ +0°.06 | _+0°.05 \ +0°.04 +0°.01 —0°.03 — 


lobs. —tcalc. 











Only at one temperature, 160°, the difference between the observed and 
calculated values reaches 0°.06; at all other temperatures it is not larger 
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than 0°.05, and between 0° and 100° the maximum difference is only a little 
over 0°.o1 at 70°. Our formula represents therefore very closely the experi- 
mental results. 


ELASTIC PROPERTIES OF BISMUTH \WIREs.! 
By K. E. GUTHE AND J. E. Harris. 


FEW years ago one of the authors found that platinum-iridium wires, 
containing a large percentage of iridium, show an abnormal behavior 
when subjected to a torsional strain. Further experiments with wires of 
different material have shown that this exceptional behavior is not restricted 
to platinum-iridium wires, but that it is found in wires of other material, 
and that it is especially pronounced in the case of bismuth. The results of 
a preliminary set of readings, taken with a bismuth wire, 458 mm. long and 
0.28 mm. in diameter, are given in the following table. 





TABLE I. 

No. of Swings. Amplitude. Amplitude. Period. 
1 91.7 79.9 3.950 
5 58.2 74.1 O48 

10 48.9 68.2 947 
15 35.6 55.7 .937 
20 26.6 48.9 .932 
25 19.7 35.6 .919 
30 15.0 6.6 .909 
35 11.9 19.7 .896 
40 9.2 15.0 891 
45 7.2 11.9 886 
50 5.6 9.2 879 
SS 4.5 7.2 872 
60 3.4 5.6 870 
65 2.6 4.5 857 
70 2.0 3.4 853 
75 AS 2.6 850 





As in the case of platinum-iridium wire, reported on by Guthe and Sieg? 


the period decreases considerably with decrease of amplitude, the rate of 
decrease being most pronounced at small amplitudes. In the case of bismuth 
wire the internal friction is, however, very much larger, During 75 vibrations 
the amplitude decreased from 91.7 to 1.5 degrees, while in the case of the 
40 per cent. platinum-iridium wire’ it required nearly 400 vibrations, before 


1Abstract of a paper presented at the Chicago meeting of the Physical Society, 
November 26, rg1o. 

2Guthe and Sieg, Puys. REv., 30, 610, 1910; Sieg, PuHys. REV., 31, 421, 1910. 

3Puys. REV., 30, 624, IQI0. 
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the amplitude fell from 83.1 to 3.93 degrees. The logarithmic decrement for 
the bismuth wire is between 0.03 and 0.02, or six times larger than that of 
the platinum-iridium wire. 

On account of the small number of swings it is impossible to calculate the 
period from a set of 20 or 40 swings, as was done in the former case, and 
therefore, no great accuracy can be claimed for the periods, as given in the 
above table. We hope to overcome the difficulty by employing in our 
further work with bismuth wires an automatic device for marking the exact 
time of the passage of the moving system through the position of rest. 


THE SPECTRUM OF THE SPARK UNDER PRESSURE AND AN APPLICATION OF 
THE RESULTS TO THE SPECTRUM OF THE CHROMOSPHERE.! 


By Henry G. GALE AND WALTER S. ADAMS. 


CONSIDERABLE number of photographs of spark spectra under 
4 pressure were taken by us last spring at the spectroscopic laboratory 
of the Mt. Wilson Solar Observatory. 

The spark was generated by a 5-kilowatt transformer, and differences 
of potential up to 60,000 volts were available. No self induction was 
employed, and a considerable amount of capacity was used in the secondary 
circuit. Most of the photographs were taken in the second order of a 
z-inch Michelson grating, mounted in a 30-ft. Littrow spectrograph. The 
pressure varied from 2 to 15 atmospheres. 

The first photographs obtained were of titanium in the region from \4250 
to 4650. At pressures of 5 or 6 atmospheres practically all of the arc lines 
were reversed, and all of the enhanced lines remained bright, or showed 
only a faint trace of reversal which did not increase appreciably up to 15 
atmospheres. A similar result was obtained to the violet of A4250. The 
enhanced lines were practically the only ones to remain bright. In the 
green, yellow and red, however, a number of arc lines were found which did 
not reverse. This is in agreement with the well-known general result that 
the tendency of arc lines to reverse increases toward the violet. 

A similar series of photographs with iron and chromium gave in general 
the same result, except that the arc lines did not reverse so readily at the 
lower pressures. In no case were the enhanced lines reversed at the pressures 
used. 

In the case of cobalt, a plate from 5000 to A5400 taken at a pressure of 
8 atmospheres showed no reversed lines, although iron, titanium and chromium 
showed many reversed arc lines in this region. 

It has long been known that the enhanced lines are particularly prominent 

1Abstract of a paper presented at the Chicago meeting of the Physical Society, 
November, 26, 1910. 
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in the bright line spectrum of the chromosphere, and the explanation of this 
has been one of the most difficult problems connected with the commonly 
accepted views of the nature of the sun's reversing layer. The laboratory 
results suggest a possible explanation. 

As Fabry and Buisson have recently shown, the pressure in the reversing 
layer is about 5 or 6 atmospheres. In view of the laboratory results we 
should expect the enhanced lines to be more conspicuous as bright lines in 
the chromospheric spectrum, than as dark lines in the Fraunhofer spectrum, 
i. e., they should appear as bright lines when a majority of the arc lines are 
still dark. This appears to be the case. Moreover, in the regions of longer 
wave-length many are lines appear as bright in both laboratory and chro- 
mospheric spectra. Cobalt is remarkable for the number of bright lines 
present inthe chromosphere, and the lines were not reversed on the labora- 
tory plates under conditions which gave many reversals for titanium, iron 
and chromium. 

This investigation is as yet incomplete but the results so far obtained 
point toward the conclusion that the conspicuousness of the enhanced lines 
in the chromospheric spectrum is intimately connected with the fact that 
they do not reverse so readily as the arc lines. It seems probable also that 
cobalt is conspicuous for the reason that its lines are not so readily reversed 


as the lines of many other elements. 


DISTRIBUTION OF DISCHARGE BETWEEN A POINT AND PLANE UNDER 
VARYING PRESSURES.! 


By RoBERT F. EARHART AND F. W. POTE. 


N electrified point, which may be either positive or negative, is dis- 
charged against a plane one centimeter distant. The plane is formed 
by ten concentric, insulated rings of brass. Proper connections permit the 
current discharging through any ring to be measured without interfering 
with the discharge through the remaining rings. The electrical system is 
contained in a vessel which may be evacuated, in order that the influence of 
pressure as well as voltage may be determined. Curves indicate the total 
current under varying conditions of potential differences and pressures as 
well as the distribution of the discharge. 
PHYSICAL LABORATORY, 
OHIO STATE UNIVERSITY. 
1Abstract of a paper presented at the Chicago meeting of the Physical Society, 


November 26, IgI10. 
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A COMPARISON OF THE INFLUENCE OF PLANES OF TRANSVERSE SECTION 
ON THE MAGNETIC PROPERTIES OF IRON AND OF NICKEL Bars.! 


By E. H. WILLIAMs. 


HE results of Maurain? indicate that, for very thin layers, the magnetic 

properties of iron and of nickel are different. Ewing and Low® have 

shown that the influence of a plane of transverse section on the magnetic 

induction of an iron bar is to produce a large magnetic resistance. Now, 

if the surface layers of nickel have different magnetic properties from those 

of iron, it would appear that the effect of transverse joints would be different 
in the two metals. 

In this investigation, the effects of surface layers in bar magnets of iron 
and of nickel, produced by cutting the bar in planes of transverse section, 
have been studied and compared under various conditions of field strength 
and longitudinal pressure. 

The final results are in agreement with what one should expect from the 
observations of Maurain on the magnetic properties of very thin layers of 
iron and nickel. Whereas the effect of transverse joints in iron is always 
to produce a decrease in the magnetic induction whatever the value of the 
field strength or of the pressure, in case of nickel the results are very 
different. In this metal, beyond magnetic fields of 25, the effect of transverse 
joints is to increase the magnetic induction. The paper contains data and 
curves showing the effect of transverse joints under various conditions of 
pressure and field strength. 

UNIVERSITY OF ILLINOIS, 


URBANA, ILL., 
November 2, rgro. 


ECHOES IN AN AUDITORIUM.! 
By F. R. WATSON. 


N investigation of the acoustics of the University of Illinois Auditorium 

has been carried on for more than two years. The auditorium is shaped 

nearly like a hemisphere, with several large arches breaking the regularity 

of the surface. The dimensions of the building are great enough to allow 
echoes to exist in addition to a reverberation. 

By Sabine’s method, the time of duration of the residual sound was found 

to be a little more than six seconds. The absorbing power of audiences 


1Abstract of a paper presented at the Chicago meeting of the Physical Society, 
November 26, 1910. 

2Maurain, Jour. de Phys. (4), Vol. 1, p. 151, 1902. 

3Ewing and Low, Phil. Mag. (5), Vol. 26, p. 274, 1888. 
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was also determined, and a calculation made to determine the amount of 
absorbing material needed to remedy the reverberation. There still remained 
the problem of curing the echo. 

In the dearth of definite information about echoes, several methods were 
used to trace the path of sound in the auditorium. An attempt to locate 
echoes by generating a sound and listening with the ear met with only partial 
success. The ear is sensitive enough, but is confused when many echoes are 
present, so that the evidence obtained is not altogether conclusive. 

The next step was to use a faint sound which could not be heard at any 
great distance unless reénforced by reflected sound. The ticks of a small 
clock were directed, by means of a reflector, to certain walls suspected of 
giving echoes. Using the relation that the angle of incidence equals the 
angle of reflection, the reflected sound was readily located, and the clock 
ticks heard distinctly at points as far as seventy feet from the clock. 

In another method, a louder source of sound, namely, the ticks of a metro- 
nome, was used but enclosed in a sound-proof structure except for one open- 
ing, so that this sound could be directed by means of a horn. The method 
was successful and verified the observations taken previously. 

The most satisfactory method, however, involved the use of an alternating 
arc light at the focus of a parabolic reflector. In addition to the light, the 
arc gave two sets of sounds; one sound being a hum due to the alternations 
of the current, and the second sound a successive “‘spitting’’ of the arc. 
This latter sound was of short wave-length and therefore experienced little 
diffraction. It was also of suitable intensity to allow the reflected sound to 
be heard easily. The bundle of light rays included also a bundle of sound 
rays, the sources of both being at the same place and subject to the same 
law of reflection. The path of the rays was easily found. The observer 
could see where the sound rays struck by noting the position of the spot of 
light. To trace successive reflections, small mirrors were fastened to the 
walls and the path of the reflected light followed. This method allowed a 
complete ‘‘diagnosis”’ of the acoustic troubles of the auditorium to be made, 
so that methods of cure may now be applied intelligently and with confidence. 

Several methods of cure are under consideration, and this phase of the 
work is being actively pushed. The author acknowledges the valuable 
assistance given by Mr. Otto Stuhlmann, now fellow at Princeton University, 
during the early stages of the investigation. 


UNIVERSITY OF ILLINOIS, 
URBANA, ILL., 
October 26, 1910. 
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LIMITATIONS IMPOSED BY SLIP AND INERTIA TERMS UPON STOKES’S 
LAW FOR THE MOTION OF SPHERES THROUGH LIQUIDs.! 


By H. D. ARNOLD. 


HE production of small metal spheres has made possible the verification 

of Stokes’s law for the terminal velocities of spheres in liquids of 

less viscosity than those with which consistent results have hitherto been 

obtained. Experiments with a series of spheres of different radii give the 

rate of departure of the observed velocities from those computed, thus 

defining experimentally the range within which the formula may be con- 
sidered valid. 

From similar observations has been demonstrated the validity of Laden- 
berg’s correction for the influence of the surrounding walls, and its limits of 
applicability have been determined. 

Viscosity determinations with these spheres and by Poiseuille’s method 
give values whose differences are smaller than the probable error involved 
in either of the methods. 

The coefficient of sliding friction at the interface of the spheres and the 
oils used is shown to be greater than 5,000, and with the more viscous oils 
greater than 20,000. 

Observations on steadily diminishing air bubbles in various liquids have 
shown the dependence of the apparent coefficient of sliding friction on the 
nature of the liquid and the radius of the bubble. It has been found possible 
to obtain conditions of approximately infinite surface slip and thus to verify 
the more general form of Stokes’s law in which the slip terms are not neglected. 
An explanation of the irregular results hitherto obtained has been found in 
the film forming properties of the liquids used. 


RYERSON PHYSICAL LABORATORY, 
Cuicaco, ILL. 


ON THE FREE VIBRATIONS OF A LECHER SYSTEM USING A BLONDLOT 
OSCILLATOR.! 


By F. C. BLAKE AND Miss E. A. RUPPERSBERG. 


T was shown in this paper how it is possible on a set of parallel wires 
to get asystem of free vibrations uncontaminated by oscillator influence 
except that of coupling. It was found that the unmodified theory fitted 
even the case of close coupling to a first approximation. The manner in 
which the theory has to be modified for a second approximation was pointed 
out. The conditions for freedom from contamination were found to be two, 
the introduction of suitable air gaps into the oscillator circuit and suitable 
1Abstract of a paper presented at the Chicago meeting of the Physical Society, 
November 26, 1910. 














234 THE AMERICAN PHYSICAL SOCIETY. {[VoL_. XXXII. 


water-resistance between the induction coil and oscillator. The results of 
varying these conditions were studied. A ratio between the fundamental 
maximum and minimum equal to 125 to I was experimentally obtained 
and it was thought that this ratio could be materially increased by observ- 
ing the best conditions for controlling the various factors that enter into 
the problem. 

The ratio between Lecher wire length and wave length was found to be 
2.07 and the difference between this value and the theoretical value 2.00 
was shown to be due to an “end correction’ which is necessarily always 
present. 

Puysics LABORATORY, 
OHIO STATE UNIVERSITY, 
November 3, 1910. 


THE PRODUCTION OF LIGHT BY CANAL Rays.! 
By GORDON SCOTT FULCHER. 


COMPARISON of the results of the simultaneous eloctrostatic and 
magnetic deflection of the canal rays with the details of the Stark 
effect leads to the conclusion that the canal rays cannot be the sources of 
the light showing this effect. An alternative hypothesis was suggested by 
the author two years ago, that the light in question is emitted by gas molecules 
hit and ionized by the canal rays. Recently more direct experimental 
evidence for this conjecture has been obtained. A discharge tube was so 
designed that the pressure of the gas through which the canal rays pass can 
be varied in the ratio of 1 to 20 without changing the number or the velocity 
of the canal rays. Photographic measurements of the intensity of the light 
from the path of the rays showed it to vary directly as the pressure. Also, 
measurements of the energy transported by the rays (by means of their 
heating effect) and of the intensity of the light emitted, showed that for a 
cathode fal! of potential between 1,500 and 5,000 volts the relation] = kEp 
holds within experimental errors. That is, the intensity of the light emitted 
is proved to be proportional to the number of collisions times the mean 
energy transmitted at each collision. A statistical calculation has been made 
which tends to show that the intensity minimum observed between the 
displaced and rest lines in the Stark effect can be explained on the basis of 
the emission of the series line spectrum asa result of molecular collision only 
if we assume that no light is emitted unless the hit molecule is ionized by 
the collision and that the bombarding molecules do not emit the series line 
spectrum. This is equivalent to assuming that the series spectrum lines 
which show the Stark effect are emitted only by positively charged molecules 
or atoms—a law for which there is other evidence but which has been much 
disputed. 
1Abstract of a paper presented at the Chicago meeting of the Physical Society, 
November 26, I9g10. 











No. 2.] THE AMERICAN PHYSICAL SOCIETY. 235 


ON THE FREE VIBRATIONS OF A LECHER SYSTEM USING A LECHER 
OSCILLATOR.! 


By F. C. BLAKE AND CHARLES SHEARD. 


WO forms of Lecher system were employed; one after the mannér of 
Lecher, using 5 cm. plates attached to the oscillator circuit and 3 
cm. plates connected to the wire system proper. A second form, consisting 
of cylinders, cone-shaped at one end, was used as a part of the oscillator 
circuit; this allowed the coupling of the two circuits to be readily changed. 
A similar device was made use of at the bolometer end of the circuit. A 
check receiver, of constantan-iron wires, shunted through a high resistance 
across the spark-gap in oil, was employed for the purpose of checking the 
energy delivered to the Lecher circuit. By its use it was possible to check 
readings at any given point on the system to within 1 per cent. at any time. 

The main points of the work as presented were: 

1. A first approximation of the ideal case as to the distribution of energy 
as given by Abraham? was obtained. The theory was found to hold for the 
first, the third (2 per cent. error due to experimental errors) and the second 
harmonics, these last being in error by 8 per cent. due to the influence of the 
oscillator vibrations also imposed upon the system. 

2. The ideal case ceases to be such just in proportion as the bridge length 
is more and more comparable to the Lecher wire length. Curves for 2, 5 
and 11.5 cm. distance between parallel wires were shown; for this last 
distance the vibrations ceased to be of a simple nature. 

3. It is known theoretically® that such a system has two superimposed 
oscillations; those due to the oscillator and those which are the free vibrations 
proper. The effect of coupling (using the second form of coupling and check 
receiver) on each of the sets of vibrations was investigated. It was found 
that any particular overtone could be strengthened by so varying the coupling 
that the oscillator vibrations fell in unison with it. 

4. It was found that for bridge lengths small in comparison to the Lecher 
wire length the currents behaved as if they were longitudinal and not trans- 
verse. The proof of this is based upon an experimental verification of 
Abraham's‘ theoretical considerations that for longitudinal currents the 
potential varies as the logarithm of the distance from the wire. 

5. The Kirchhoff-Abraham generalization of the Thomson formula’ was 
verified to within 1 per cent. in the cases where the tones were strictly 
harmonic. 

1Abstract of a paper presented at the Chicago meeting of the Physical Society, 
November 26, 1910. 

Theorie der Elektrizitat, Vol. 1, second edition, equation 224, p. 352. 

3Bjerknes, Wied. Ann., 1895, Vol. 55, p. 121. 

‘Theorie der Elektrizitaét, Vol. 1, p. 346. 

5See Theorie der Elektrizitat, Vol. 1, equation 225d, p. 354. 
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6. It was found that there is a ‘‘back action” of the Lecher circuit upon 
the oscillator circuit. Curves were shown of results obtained proving such 
a back action. Since the coupling was electrostatic, the need seems apparent 


for the introduction of the term ‘‘mutual capacity’’ into such electrical 
work. 
Puysics LABORATORY, 
OHIO STATE UNIVERSITY, 
November 3, 1910. 


ON THE IONIZATION OF GASES BY THE ALPHA PARTICLES FROM 
POLONIUM.! 


By T. S. TAYLor. 


|‘ an article on the “Retardation of Alpha Rays by Metals and Gases,’”? 

the writer pointed out some differences that had been observed between 
the Bragg ionization curves obtained in atmospheres of air and hydrogen 
respectively. The observation of these differences suggested that a careful 
delineation and comparison of the Bragg ionization curves in other gases, 
when polonium was used as the source of rays, might lead to interesting 
results. The same apparatus that had been used in the previous experiment® 
was used, and with polonium as the source of rays, Bragg ionization curves 
were obtained in atmospheres of air, Ha, Oo, Ne, COx, CHs3I, C2HsCl, CH,, 
CyHwO, SO2, HCl, HBr and HI. In each case the pressure the gas or vapor 
supported was always such as to have the range of the alpha particle 11.1 
cm. By taking the areas under the curves as the measures of the ionization 
in the gases respectively and comparing the areas separately with that of the 
air curve, ratios of the ionization produced in the different gases to that 
produced in air were obtained which agree for the most part with similar 
ratios found by Bragg‘ by a less direct process. 

A study of these ratios together with the form of the ionization curve in 
each gas makes it possible to obtain a relation between the ionization in a 
gas and the constants of the gas. 

UNIVERSITY OF ILLINOIS, 
URBANA, ILL., 


November 2, 1910. 


1Abstract of a paper presented at the Chicago meeting of the Physical Society, 


November 26, rg1o. 
*Taylor, Amer. Jour. of Science, October, 1909; Phil. Mag., October, 1909. 
3Loc. cit. 
‘Bragg, Phil. Mag., March, 1907. 
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THE ELECTRICAL PROPERTIES OF LIGHT-POSITIVE AND LIGHT-NEGATIVE 
SELENIUM.! 


By F. C. Brown. 


1. By light-positive selenium is meant that variety of selenium which 
increases its conductivity when it is illuminated. 

2. By light-negative selenium is meant that variety of selenium which 
decreases its conductivity when it is illuminated. 

3. It is considered that both the increase and the decrease of conduc- 
tivity of selenium by illumination are genuine changes in the selenium 
tself. 

4. The various conditions which change the conductivity of selenium 
are considered, such as light, mechanical pressure, electrical potential, 
temperature, moisture and radium, and it is pointed out that the experi- 
mental facts observed by the different investigators seem to show only 
disagreement and confusion. 

5. It is then pointed out that the various observed properties of the 
light-positive and the light-negative selenium can be explained on the 
view that every light sensitive variety of selenium contains one or all 
of three kinds of selenium, A, B and C, which can coexist in various 
states of equilibrium depending on the quantities of A, B and C present 
and on the condition of light, pressure, temperature, electrical pressure, 
etc. 

6. In view of the extremely high resistance of so called high sensibility 
selenium cells,? it is assumed to start that the A kind has zero conduc- 
tivity. Itis further assumed that the B kind has a specific conductivity 
k, approaching in magnitude that of the metals, and that the C kind 
has a specific conductivity between that of A and B, and equal to Kz. 
The light is supposed to act on the selenium so as to change A into Band 
B into C, according to the reaction, 


Asse. 


The rate of change is considered a function of the number of A, Band C 
present and of the intensity and wave-length of the light when the other 
conditions are unchanging. In order to simplify the problem so that it 
can be easily handled theoretically, it is first assumed tentatively that 
the wave-length and intensity and the light is kept constant and that at 
all times the change of A into B and of B into C is, under the action of 
light, large compared to the corresponding changes of C and B and of 


1 Abstract of paper presented at the Chicago meeting of the Physical Society, Novem- 


ber 26, 1910. 
2 Paper by F. C. Brown, Phys. Zeits., 11, p. 481, I9I10. 
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B into A. This leads to the following equation for the conductivity 
of various mixtures of A, Band C, for any duration of exposure to light: 


Ao 
=o 


i=hi=|{ Apa (e—Bt _ p—aty od Ben thf fa(1—e 8") —Bi1—e~™ ) J 


( 
a—p 
+ Bolt — e~8*) + co} 


where q@ and @ are the respective rates of change, and Ao, Bo and Co 
are the initial quantities of the three kinds of selenium. 

7. The theory here given and observed facts are in agreement in the 
following: 

(a) The selenium of highest sensibility is the light-positive variety 
and in the dark it is composed of almost entirely one kind, called A. 

(b) The light-positive selenium consists of various proportions of the 
A, B and C kinds. 

(c) The light-negative selenium which decreases its conductivity from 
the instant it is illuminated consists of various proportions of B and C 
in the dark.? 

(d) The selenium whose conductivity first increases and then decreases 
with duration of illumination consists of from one to ten per cent. of the 
A kind, before exposure to light, and most of the remainder is of the 
B kind. Some instances show that the decrease of conductivity is 
greater than the increase. However the decrease is usually less than 
the increase. 

(e) In the Giltay selenium cell the maximum conductivity occurs more 
quickly with intense illumination than it does for weak illumination. 
The constants, in the formula, which show the rates of change must 
be made larger to show this fact.‘ 

(f) The curve for the conductivity of the A and B mixture at different 
times of exposure is convex upward before the maximum conductivity 
is reached and concave upward after the maximum is reached.® 

(g) The specific conductivity of the light-negative selenium is extremely 
high, indicating a preponderance of the B kind. 


1The Giltay selenium cell is a good illustration of a mixture of A and B kinds, 
with the amount of A more than one hundred times greater than the amount of B. 
This cell was purchased of J. W. Giltay, of Delft, Holland. 

2 This is the kind of selenium mentioned in Phys. Zeits., 11, p. 482. 

3 Ries discusses a number of such mixtures of selenium produced by himself, and 
which he terms abnormal selenium cells. Phys. Zeits., 9, p. 569, 1908. 

4In one instance the maximum was reached in 50 seconds and with an intensity 


about 100 times as great the maximum was reached in 1.8 seconds. 
5 All samples of selenium show this, providing there is a maximum. 
‘Samples of selenium now in my possession show this. 
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CONCLUSIONS. 

That the assumption that all light-sensitive selenium is made up of 
three components, A, B and C, is probably sufficient to explain all the 
observed phenomena concerning the change of conductivity of selenium. 

That the formula given will probably prove satisfactory except when the 
amount of C becomes considerably larger than the amount of B. 

The indication is that the rate of change of A into B is some larger 
than the rate of change of B into C, but not as much as twenty times 
larger. The writer believes, in view of previous results! and recent ob- 
servations, that changes of A into B and of B into C are produced by 
mechanical pressure, electrical potential, temperature and other agencies, 
and that through selenium we will be able to deduce quite directly fun- 
damental relations existing between the units of these quantities. 

In view of his own observations and those of Ries? and others the 
writer suggests that even moisture by some mechanical means may change 
B into C. 

The recovery of selenium from light effects is being investigated from 
a similar viewpoint to the one here proposed for the light effect. 


THE QUESTION OF VALENCY IN GASEOUS IONIZATION.® 
By R. A. MILLIKAN AND HARVEY FLETCHER. 


BY directly catching upon oil drops, at the instant of formation, the 

ions produced in air by yraysof radium, X rays of varying hardness 
and Srays of radium and measuring the charges carried by these captured 
ions it has been shown that the process of ionization by any of these 
agencies consistsin the detachment from a neutral molecule of one single, 
elementary, electrical charge. If doubly or trebly charged ions are ever 
formed by the detachment from a molecule of two or three elementary 
charges, the number of such bi- or trivalent ions cannot, under any 
conditions thus far experimented upon, be more than one or two per 
cent. of the number of univalent ions formed. 

It is probable therefore, despite the contrary evidence brought forward 
by Townsend and Franck and Westphall, that the process of ionization 
in gases never gives rise to ions of either positive or negative sign, 
which carry more than a single elementary electrical charge. 

RYERSON PHYSICAL LABORATORY, 
Cuicaco, ILL. 


!1Paper by Brown and Stebbins, Puys. REv., 26, p. 273, 1908. 

?Paper by Ries, Phys. Zeits., 9, p. 569. 

3 Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
December 27-30, I910. 
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THE EFFECT OF RED AND INFRA-RED ON THE DECAY OF PHOSPHORES- 
CENCE IN ZINC SULPHIDE.! 


By HERBERT E. IVES AND M. LUCKIESH. 


HE effect of red and infra-red in suppressing phosphorescence has long 
been known. The more usual mode of action consists in a flash or 
increase of phosphorescent light immediately upon exposure to long waves, 
followed by a rapid decay. Sidot blende or phosphorescent zinc sulphide 
has been considered an exception to the general rule, in that the prelim- 
inary flash before decay has not been noted. In the present communi- 
cation it is shown that zine sulphide under certain conditions does show 
this preliminary flash. 

In performing some experiments to test the applicability of phosphor- 
photography to a search for faint infra-red radiation the observation 
was made that the ordinary immediate drop in intensity following a 
brief exposure to red light was much delayed if the exposure to red oc- 
curred a minute or more after excitation. This has been followed up by 
accurate photometric tests and it appears that there are two stages in 
the decay of phosphorescence, merging gradually one into the other. 
In the first stage the effect of long waves is to cause a quick drop in in- 
tensity; in the second stage the long waves cause a preliminary increase 
of brightness before decay. In the intermediate stage the accelerated 
decay appears to the unaided eye to be delayed in starting. 

Observations have been made on this phenomenon using both red 
and infra-red light; varying the intensity and time of excitation, and 
color of the exciting light; and also the intensity of the extinguishing 
light and the time of its application. It appears that with great intensity 
of red or infra-red the preliminary flash may be made very to occur very 
close to the beginning of decay, having been obtained at 30 seconds. 

With lower intensity the flashing up effect can be produced only at 
a later period in the decay. Neither less intense nor shorter excitation 
will cause the flashing up phenomenon to occur closer to the beginning 
of decay, even although the intensity of phosphorescence in these cases 
is far below that at which the flash occurs in the strongly excited sub- 
stance. On the other hand, brief exposure to red or infra-red immediately 
after excitation causes the substance quickly to come tothe stage where 
flashing occurs under subsequent exposure to long waves. No difference 
in the behavior of the flash-up phenomenon has been noted when the 
exciting light has been entirely visible or entirely ultra-violet, or if the 
extinguishing light is red, infra-red, or both together. 

Measurements of the actual increase of intensity under infra-red 


1 Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 


December 27-30, 1910. 
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radiation show the increase to vary from zero to a maximum and then 
again decrease, as the total brightness of the phosphorescence decreases. 
Measured in percentage of the total brightness the increase of light 
rises from zero to about one hundred per cent. at 45 minutes, under the 
conditions of the experiment. 

The zinc sulphide was prepared by Verneuil. The decay curves 
plotted in terms of 1/ VJ against time do not give straight lines but are 
concave toward the time axis. By plotting all the observed curves on 
logarithmic paper parallel straight lines were obtained from one minute 
on; before one minute the lines curve. The law of decay after one minute 
seems to be 

a 
(a + bt)™ 
where m = 1.03. 

They may therefore be plotted in terms of 1/J‘” against time. The 
effect of different lengths or intensities of excitation or of a brief exposure 
to long waves after excitation is to produce decay curves with different 
values of a and b. The decay curve after brief action of red or infra- 
red does not correspond to the original curve with origin shifted. 


THE PENTANE LAMP AS A PRIMARY LIGHT STANDARD.! 
By E. B. Rosa aAanp E. C. CRITTENDEN. 


HE primary photometric standard of Great Britain is the 10 
candlepower Harcourt pentane lamp. This lamp has been in- 
vestigated at the National Physical Laboratory and the Reichsanstalt, 
and the ratio of light given by it to that of the Hefner has been many 
times determined. The Bureau of Standards has been carrying on an 
investigation for some time on primary flame standards, including the 
study of the pentane lamp. We have found that pentane lamps as made 
from the same specification by different manufacturers, differ by several 
per cent. in candlepower, and hence any determination of the ratio of 
the pentane to the Hefner, or other primary standard, amounts only 
to a determination of the ratio of particular lamps. In this investigation 
we have studied not only the difference in lamps but also the difference 
in different kinds of fuels, and have devised a new form of pentane lamp 
which has some advantages over the Harcourt form. Results of measure- 
ments on various lamps, and with different fuels, under varying atmos- 
pheric conditions will be communicated, and suggestions made as to the 
important characteristics of a primary standard, these suggestions being 
1 Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
Decem ber 27-30, IQI0. 
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based upon a considerable experience with lamps of different types, and 
also with lamps of different makes of the same type. 


ON THE FUNCTION OF REST IN RESTORING A PLATINUM-IRIDIUM WIRE 
TO ITS ANNEALED CONDITION.! 
By L. P. SIEG. 

HE peculiar elastic properties of platinum-iridium wire have been 
discussed by Guthe and Sieg,? and by Sieg. Among the experi- 

ments described in the latter paper were many devoted to a study of the 
relation between period and amplitude of vibration of the wire when used 
as the support of a torsion pendulum. It appeared that the relation 
between these two quantities was a variable one and depended largely 
upon the previous treatment of the wire. For example with a freshly 
annealed 40 per cent. platinum-iridium wire, the period changed by 
0.19 per cent. while the amplitude of vibration passed over the range from 
47° to 18°. On the other hand if the wire was vibrated through a large 
amplitude (360° from the center), allowed to die down, and then without 
annealing was set in vibration, it was found that the period changed by 
3.46 per cent. while the amplitude passed over the range from 47° to 18°. 

Certain results obtained at the time of the earlier experiments pointed 
to the conclusion that the condition of the wire in the second case de- 
scribed above was unstable, and that the wire tended to attain the 
annealed condition (described in the first case above) as a result of con- 
tinued rest under the load used in the experiments: and the prediction 
was made that, with a sufficient rest, the wire might ultimately reach 
the annealed condition. This prediction has been verified in an obser- 
vation recently made. The wire, which had been twisted through a large 
amplitude, and not subsequently annealed, had been hanging practically 
at rest for eight months. The period in the first experiment following 
this long rest was found to change by only 0.36 per cent. while the am- 
plitude passed over the range from 47° to 18°, thus showing that the wire 
had practically reached the annealed condition. To make certain that 
this last result was relatively correct the wire was again annealed and vibrated 
at once through an amplitude of about 50°. In passing over the range 
from 47° to 18° the period was found to change by 0.18 per cent., thus prac- 
tically agreeing with the result obtained eight months previously under 
similar conditions. 

A second point is that the wire seems to have had its coefficient of 
rigidity (measured kinetically for small amplitude) increased by 2 per 
cent. as a result of the long rest. The increase was from 10.5 X10" 

1 Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 


December 27-30, 1910. 
2K. E. Guthe and L. P. Sieg, Puys. REv., 30, p. 610, rgro. 
3L. P. Sieg, Puys. REV., 31, p. 421, 1910. 
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dynes/cm*. for the freshly annealed wire, to 10.710" dynes/cm?. for 
the same wire after an eight months’ rest. 


PHotTo-ELEcTRIC EFFECTS IN ALUMINUM AS A FUNCTION OF THE 
WAVE-LENGTH OF THE INCIDENT LIGHT.! 


By J. R. WRIGHT. 
ECENTLY R. A. Millikan? has shown that the values of the 


positive potential assumed by a metal in a vacuum when illumi- 
nated by ultra-violet light increase enormously with long exposure to 
a very intense light. The increase for five metals investigated was 
from ten to thirty times the values obtained for the same metals before 
illumination. 

The relation between these new positive potentials and the wave- 
length of the incident light has been investigated. An aluminum disk 
which showed an initial positive potential of 0.25 volt was illuminated 
intermittently for a period of three weeks, the positive potential gradually 
increasing to a maximum value of 14.1 volts. Tests were then made 
on the relation between this high positive potential and the wave-length 
of the incident light. Contrary to the results obtained by E. Laden- 
burg’ and by A. W. Hull,‘ who worked with the low values of the positive 
potentials, the positive potential was found to reach a definite maximum 
at 42166. Changes in the intensity of the light used was without effect 
on the maximum value of the potential. Using different sources of light 
was also without effect either on the value or the position in the spectrum 
of the maximum point. 


RYERSON PHYSICAL LABORATORY, 
Cuicaco, ILL. 


THE RATIO OF THE Two HEAT CAPACITIES OF CARBON DIOXIDE AS 
A FUNCTION OF THE PRESSURE AND THE TEMPERATURE.® 


By A. G. WorRTHING. 


HE method employed is the null method first described and used 
by Maneuvrier.* It is based on the perfectly general theorem 
due to Reech. The ratio of the two heat capacities of a substance is 
expressed as follows: 
1Abstract of a paper presented at the Chicago meeting of the Physical Society, 
November 26, 1910. 
? Paper presented at the Boston meeting of the Physical Society, December 28-31, 
1909. 
3E. Ladenburg, Phys. Zeits., VIII., p. 590, 1900. 
4A. W. Hull, Am. Jour. of Sc., XXVIII., p. 251, 1909. 
’ Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
December 27-30, 1910. 
6 Ann. de Chim. et de Phys. (7), 6, 321, 1895. 
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fa) 
(‘x ), 


Q and @ represent respectively quantity of heat and temperature, 


and as subscripts indicate respectively a reversible adiabatic process 
and an isothermal process. Technically the expression used in this work 


differed somewhat from the above. It was 


_ APe 
oe 
where APo and AP, are the reversible adiabatic and the isothermal 
changes in pressure which result from the same small change in specific 
volume. AP, was measured experimentally, being read directly on a 
differential mercury manometer which also served as the manoscope. AP» 
was computed with the aid of the empirical equation given for carbon 
dioxide by Kamerlingh Onnes.!- Some values obtained from the 


smoothed curves are indicated in the following table. 


Y for Carbon Dioxide. 


to Atmos. 20 Atmos. 30 Atmos. 40 Atmos. 50 Atmos. 57 Atmos. 
a an 1.362 1.502 ef 
31.0° C. 1.330 1.409 1.536 1.733 2.01 2.37 
50.0° C. 1.314 1.375 1.462 1.580 
98.5° C. 1.265 1.288 1.329 1.383 1.45 


The following interesting table was obtained by assuming that an 
§ g ) g 
equation of the form PzY’=constant holds for the reversible adiabatic 

processes made use of in this work. 


y’ of Equation Pv’ =Constant for COs. 





A nia 7.78 14.62 21.52 28.52 35-52 42.34 49-36 57-0 
0.0°C. 1.263 1.232 1.238 
1.268 ) 
°C | 4.955 262 5 
31.0° C. beet 1.255 | 1.262 | 1.256 1.259 1.282 
50.0°C.| 1.252 1.261. 1.261 1.262 | 1.266 | 
985°C 12K 


230 1.236 | 1.219 | 1.260 | 1.250 











1Comm. No. 74 from Phys. Lab. of Univ. of Leiden, rgor. 
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The approximate constancy of y’ for a given temperature is remarkable 
and is worthy of further consideration. A yy’, of course, is not to be 
interpreted as a ratio of the two heat capacities of the gas excepting for 
the gas under zero pressure in a condition indicated, perhaps, by the same 
adiabat or perhaps by the same temperature. These suppositions would 
lead to the holding of the following relation generally: 


y¥-7 -?(% 


oo aP 


= ) — 1 = departure from Boyle's law. 
v v 0 


PHYSICAL LABORATORY, 
UNIVERSITY OF MICHIGAN. 


THE FREE-EXPANSION AND JOULE-KELVIN EFFECTS IN AIR AND IN 
CARBON-DIOXIDE.! 


By A. G. WorRTHING. 


HE two following perfectly general formule for the free-expansion 
and Joule-Kelvin effects have been used. For the former, 


~) 
o-P( 5, 


—_— vr 


y_ ,(9P 
per Fa) J 


06 
— 0 —o( 7. 


oC ), 


for the latter, 


= 


6 and y respectively represent the thermodynamic temperature and the 
ratio of the two heat capacities of a substance. 

For air, compressibility data by Witkowski,? y data by Koch,’ and 
an empirical equation of state given by Kamerlirigh Onnes‘ were used. 
The computed Joule-Kelvin effects for air under low pressures at 0° C. 
based on Witkowski’s data do not agree with experimental data, those 
based on Kamerlingh Onnes’s equation agree very well with experimental 
data. The trend of the curve obtained using Kamerlingh Onnes's equation 
indicates that the results based on Witkowski's data for the higher pres- 
sures are nearly correct. The writer knows of no experiments with which 

1Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
December 27-30, I9I0. 

2?Phil. Mag. (5), 41, 309, 1896. 

3Ann. d. Phys. (4), 26, 551, and 27, 311, 1908. 

4Comm. No. 109c from the Phys. Lab. of Univ. of Leiden. 
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to check the free-expansion calculations. At 0° C. the two effects are 
represented well up to 125 atmos. by the following empirical equations, 


n= .320—.00018 P —.0000032 P?, 

b=.273—.00076 P—.0000012 P?, 
there P is expressed in ; s. and | in degrees/: F 
where P is expressed in atmos. and yn and yw in degrees/atmo. or 
—79.3° C. the following values are taken from the smoothed curves: 





o Atmos. 23 Atmos. 50 Atmos. 75 Atmos. 100 Atmos. 125 Atmos. 
” 51 50 49 44 7 32 
le 50 48 45 38 29 23 


The units for 7 and yw are as before. 

For carbon-dioxide Kamerlingh Onnes's! equation of state and the 
writer's data on y were used. The results indicate very little if any 
effect of pressure on n and yw up to pressures of about 40 atmos. for a 
temperature range from 0° C. to 100° C., excepting the region near where 
liquefaction takes place. The computed values for uw do not agree well 
with Kester’s experimental values, but do agree very well with the ex- 
perimental values of Joule and Kelvin. The following table gives 
approximate results. 





t of C go° C 50°C toc® C 
” 1.26 99 84 54 
be 1.35 1.06 90 59 


n and uw are expressed as before in deg. atmo. 

With increasing pressures beyond 40 atmos. both n and w decrease. 
Theoretically at the critical point (72.9 atmos., 31.0° C.) there is but a 
single value for d6/dP. Hence there 


, - (*) 
~~ eee 


(d0/dP), has been determined by Keesom? to be .62 deg./atmo. The 
results of the present work are in good agreement with this. 
PHYSICAL LABORATORY, 


UNIVERSITY OF MICHIGAN. 


1Comm. No. 74 from the Phys. Lab. of Univ. of Leiden. 
2Comm. No. 88 from the Phys. Lab. of Univ. of Leiden. 
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THE COEFFICIENT OF RECOMBINATION OF IONS IN CARBON-DIOXID 
AND HyYDROGEN.! 


By Henry A. ERIKSON. 


HIS is a continuation of the work on recombination carried on by 
the author part of which has been published.2, The method 
employed is practically the same as there described, all observations 
being obtained at constant gas density. In the case of carbon-dioxid 
the coefficient of recombination is found to increase at first slowly as 
the temperature is lowered from +100° C. The maximum increase 
takes place between +70° and —10° C. Below —10° it remains prac- 
tically constant. The following are the average values obtained on an 
arbitrary scale: 


Temp. a 

100° C. 2.68 
68 3.17 
52 3.66 
23 4.65 

0 5.48 
-18 5.44 
—64 5.89 


In the case of hydrogen the coefficient increases at first slowly as the 
temperature is lowered from +23°. At about —64° it begins to increase 
more rapidly and at —179° the increase is very rapid. The average 
relative values obtained are as follows: 


Temp. a 
a t. 4.23 
— 64 7.10 
179 40.08 


The results obtained may be quite satisfactorily explained by assuming 
that there is a velocity above which the ions cannot recombine, the 
magnitude of this velocity being 53,000 cm. per sec. 

PHYSICAL LABORATORY, 
UNIVERSITY OF MINNESOTA. 
December 8, Ig10. 


1 Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
December 27-30, 1910. 
?Phil. Mag., vol. 18, p. 328. 
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THE Acoustic SHADOW OF A RIGID SPHERE.! 
By G. W. STEWART. 


HIS paper discusses the acoustic shadow of a rigid sphere, with 
the source located on the surface, and points out several practical 
applications of the theory. 
Lord Rayleigh has considered this problem and has obtained a solution 
for an indefinitely great distance from the center of the sphere. The ex- 
pression he derives for the velocity potential is 


ix(at—r+e 
e 


a ff Uisx ¥ 2n -s I P.(u) fn(ixr) 


2ur . F,(ixe) 


This paper considers the sound intensity and the mean flow of energy 
at various points of a sphere of finite radius,r. By ‘‘sound intensity” is 
meant the mean intensity due to pressure, and by ‘“‘mean flow of energy” 
is meant the mean flow normal to the sphere of radius r. It is shown 
that the relative intensities in different directions can be obtained by the 
expression 

F?+ G?, 
where 


2an+1 aa’ + 6p’ 
F= _ Py (um) a? + B 


2an+1 ap’ — a’B 
G=> - P, (uw) a? + Bt’ 
and where the following relations hold: 

fr(ixr) = a’ + iP’, F,(ixc) = a+ if. 
To the above is added the following relation: 
F,,(ixr) = a” + ip”. 


It is then shown that the relative values of the mean flow of energy 
at different points at a distance 7 is proportional to 


F’G — FG’, 
where 
.2n+1 —aa’’ + BB” 
F’ = P,,( ) 9 2 ’ 
-—; M) ot B 
.an+1 ap’ — a” 
‘= P,,( ) . 
G2 2 eat + B 
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The theory shows that, in general, the relative values of intensity and 
flow of energy in different directions are not the same. When 7 is very 
great, however, the relative values of intensity in different directions are 
the same as those of the flow of energy. 

An application is made to audition, assuming that the ear detects 
changes in pressure. It is shown that (assuming the head to be a rigid 
sphere and the ears on a line passing through the center) a source at any 
distance can best be heard when a line joining the ears points toward 
the source. The advantage of this position of the ears decreases with 
increasing distance of the source. 

A further application is found in the consideration of the importance 
of the reflecting surfaces in various directions from a speaker. 


EXPERIMENTAL INDICATIONS OF THE NATURE OF MAGNETIZATION.! 


By S. R. WILLIAMS. 


ted of the Joule magnetostrictive effect in steel tubes, which may 

be described as a change in length due to a longitudinal magnetic 
field, has led to a working hypothesis as to the nature of the processes 
which go on in a magnetic substance when introduced into a magnetic 
field. 

The fact that an iron rod first lengthens and then shortens as one 
increases the external magnetic field leads one to believe that this mechan- 
ical effect due to magnetization may be described by some mechanical 
orientation of particles, inside the substance, whose dimensions vary in 
different directions. 

To account for the above and allied phenomena, it is assumed that 
the magnetic atom is composed of a positive nucleus which is an 
oblate spheroid to which are attached one or more negative electrons 
which are revolving about the positive nucleus in such a manner that 
the plane of revolution of the electrons and the equatorial plane of the 
nucleus are coincident or nearly so. This magnetic atom may be com- 
pared to one of the planets, being flattened at the poles, and having 
its attendant satellites. For want of a better name I have called it the 
planetesimal theory of magnetism. 

Assuming this shape of the magnetic atom there will be two forces 
acting upon it when introduced into a magnetic field, first, that due to 
the nuclei having a tendency to set so that the magnetic resistance is 
a minimum, and second, that due to the magnetic fields of the revolving 
electrons striving to set themselves parallel to the external field. In the 

1 Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
December 27-30, IQI0. 
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first case the tendency is for the equatorial plane of the magnetic atom 
to become parallel to the imposed field while in the second case the axis 
of revolution attempts the same position. For brevity’s sake we may 
call these two forces the equatorial and axial forces respectively. Two 
points are to be emphasized in this theory which are not common to 
others; first, making the property of permeability dependent upon the 
nature of the positive nuclei, secondly, giving definite form to the magnetic 
atom. 

For iron, the permeability is a maximum in weak magnetic fields, 
therefore the nuclei orient themselves so that the equatorial planes are 
parallel to the field; this produces a lengthening. As the external field 
increases the axial force becomes stronger and stronger and finally is 
predominant, which causes the magnetic atoms to set with axes of revo- 
lution parallel to the field, and thus shortening occurs. This is the Joule 
magnetostrictive effect in iron bars. 

If such a process goes on in an iron bar then by the theory proposed we 
may expect a transverse effect, viz., a shortening for weak fields and a 
lengthening for strong. This effect has been found and is a very striking 
phenomenon. 

In nickel we have only a shortening occurring as field is increased; 
this indicates that the equatorial force is not sufficient to orient the mag- 
netic atoms in weak fields and only the axial force is predominant. We 
can predict then a transverse effect of lengthening. This is now being 
looked for. 

Similar reasoning shows this theory accounts for the Wiedemann mag- 
netostrictive effect and its reciprocal relations. An important test for 
this theory is that it accounts for the fact that in the Wiedemann effect 
the direction of initial twist is independent of the sequence of applying 
the circular and longitudinal fields. The theory of molecular magnets 
will not do this as Knott has pointed out. 

This theory accounts for the Smith effect, viz., a twist due to a longi- 
tudinal field. It accounts for the behavior of certain crystals in mag- 
netic fields which Faraday described as magne-crystallic action. 

The Kerr magnetic phenomenon and the Faraday effect in thin iron 
films indicate that the relation between the rotation of the plane of polar- 
ization and field strength must depend upon some similar process as 
has been described. 


OBERLIN COLLEGE, 
OBERLIN, OHIO. 
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A CONTRIBUTION TO THE THEORY OF BROWNIAN MOVEMENTS WITH 
EXPERIMENTAL APPLICATIONS.! 


By HARVEY FLETCHER. 


N extension of Einstein’s formula for the displacement of a particle 
due to Brownian movements has made possible the computation 
of the distribution of times of fall and ascent in gravitational and electrical 
fields respectively, which ought to have been observed in the experiments 
of Ehrenhaft and Przibram.? The predicted distribution checks with 
the distribution actually shown in their observations. It also checks 
with the results of new experiments made under conditions similar to 
those under which the above mentioned experiments were performed. 
This not only explains all of the irregularities found by Ehrenhaft and 
Przibram in the apparent value of e, but it brings to light a new and power- 
ful method of studying Brownian movements. 


RYERSON PHYSICAL LABORATORY, 
CuiIcaco, ILL. 


A METHOD OF MEASURING THE FLUCTUATIONS IN A RAPIDLY VARYING 
RESISTANCE.! 


By F. C. Brown anp W. H. CLARK. 


W" EN it becomes necessary to measure a variable resistance which 

changes during short intervals of time, we have found that by 
placing the variable resistance in one arm of a Wheatstone bridge circuit 
we can express its average value for the interval in terms of the throw of a 
ballistic galvanometer, where the galvanometer is thrown into the circuit 
by means of a pendulum for an interval of time which is small compared 
with the period of the galvanometer. How small this interval should 
be is obviously also determined by the rapidity with which the resistance 
changes. If the time is made sufficiently short the average resistance 
practically becomes the actual resistance at the middle of the period. 

If the capacity and self-induction of the system are very small, the 
quantity of electricity passing through the galvanometer is a function 
of the constant of the galvanometer, of the resistance in the arms of the 
bridge, and of the length of time the galvanometer is in the circuit. If 
the battery resistance is small in comparison with the other resistances, 
the fluctuation of the variable resistance from the equilibrium value is 
calculated to be 

1 Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
December 27-30, IgI10. 

?Phys. Zeit., July, rgro. 
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K(k'x + k’’)? 


Ax = Ab x E(bk” + k’aR)’ (1) 


where K is the constant of the galvanometer; a, b, R and x are the re- 
sistances in the bridge circuit, G is the galvanometer resistance, E is the 


E.M.F. of the battery. 


k’=Gb+aG+bR+aR+ab, 
k” =aRG + RGb+abR, 
At is the time the galvanometer isin circuit. Where Ax issmall compared 
with x, 
Cd 
ig o —, 2) 
“MM ; 


where C is a new constant. 

This last equation was tested experimentally with several galva- 
nometers, using known values for the variation Ax in the fluctuating re- 
sistance. It was found that if the At was left constant that for a large 
range of values of Ax the deflection varied as Ax, and if Ax was kept con- 
stant, then the deflection varied as Af, the length of time that the gal- 
vanometer was in circuit. Then knowing the value of the constant C in 
equation (2) it should be possible to calculate Ax, where Ax is small. 
But if Ax is large then equation (1) should be used. 

However we have found it most convenient in practice to merely 
substitute known varying resistances in place of the fluctuating resistance 
and to so adjust the known resistances as to get a range of deflection 
covering those obtained with the fluctuating resistance. We have thus 
obtained the average resistance of a selenium cell for a .02 sec. interval 
at 0.01 sec. to 20 min. after illumination, as desired. This method works 
well even when Ax is .99 of the value of x. 


THE NATURE OF THE RECOVERY OF LIGHT-POSITIVE AND LIGHT- 
NEGATIVE SELENIUM.! 


By F. C. Brown. 


|* a recent paper before the American Physical Society I proposed an 
explanation for the various kinds of behavior of selenium under the 
action of light, pressure, temperature and other agencies. This explana- 
tion involved the presence of three kinds of selenium, A, B and C, 
changing under the influence of light according to the reaction, 


s5 BSC. 


1 Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
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The conductivity was expressed by the equation, 
i= ki B + k2C, 


where &; was much larger than fe. As far as could be seen from a some- 
what general study of the observed phenomena, the theory explained 
satisfactorily the characteristic behavior of the several varieties of sele- 
nium. The indications were that the rates of change between A and B 
were large compared to the corresponding rates of change between B 
and C, and that the initial quantities of A, B and C in equilibrium in 
the dark determines how the conductivity changes when the selenium 
is exposed to light. 

However no accurate notion of the magnitude of the rates of change 
was obtained. The investigation described in this paper was undertaken 
in order to obtain a closer approximation to these rates and thereby 
subject the theory to a more rigid test. The recovery of selenium from 
light effects suggested itself as the easiest case for theoretical treatment. 
The outline of the argument is about as follows: 

Consider a variety of selenium in equilibrium in the dark under certain 
fixed internal and external conditions such that there are of the three 
kinds amounts Ao, Bo and Co. Next expose the selenium to the light 
for any length of time, and there will then be the respective amounts 
A,;, B, and C, of the three kinds. When the selenium is removed to the 
dark again it is at first distorted from its equilibrium condition and it 
at once begins to recover to its condition before exposure to light, pro- 
viding of course that it was then in stable equilibrium. The equations 
of change during recovery are 


] 
ain =a.B—-—a,A, (1) 
dt 
iB 
- =a,A —a:B + BC — BB, (2 
( 
dC 
= B,B—-—8.C, 2 
dt B, B, (3) 
A+B+CeK. (4) 


The solution of these equations gives 
L —mt —m,t 
B=—+ce"+cn"™, 
V 2 


- + S ann 4 - & ee 
82 — me 
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where 
3 = ab» K, 
N= ap» + ap; + aXp2, 
L »— L (Bs — m) 
— By 7 my sal (Be : my, 
at a hae a 
. as Bs — m 
Bs — mz 
3 
a= Bi- N — C2. 


It is found that by what seems a consistent choice of rates of change 
the characteristic recovery of the several varieties of selenium can be 
explained by assuming that the specific conductivity of the C kind as 
well as of the A kind is at all times small compared to the conductivity of 
the B kind. The problem of the conductivity then resolves itself merely 
into the problem of the determination of the B kind of selenium present. 
This conclusion was further verified by a careful study of the recovery 
of a Giltay selenium cell. 

The constants in the above equations were approximated for a Giltay 
cell as follows: m, = 4.2, mz=1.2 X 10°%, a2 = 4.2, a = 4.2 X 10°4, 
6B: = 5X10, B.=107?X1.1. My observations and the results of Miss 
McDowell's work! point toward the conclusion that all these constants 
decrease in value as the temperature is lowered. Before an accurate 
determination of the constants can be made it will be necessary to know 
what is the average penetration of selenium by light. This and other 
questions I shall consider in later papers. 


THE ELECTRICAL DISCHARGE BETWEEN A POINTED CONDUCTOR AND 
A HEMISPHERICAL SURFACE IN GASES AT DIFFERENT PRESSURES.? 


By FRANz A. AUST. 


HEN a point situated at the center of curvature of a hemispherical 

surface discharges to that surface the current density was found 

to be nearly constant over the whole surface of the hemisphere, at each 
of the pressures used, which ranged from 5 to 750 millimeters. 

The currents corresponding to various voltages were measured in air 
and oxygen for the different pressures. The starting potentials found 
for the positive discharge can be expressed for all of the pressures used 
by the relation, 

iPuys. REV., 31, p. 524, 1910. 

2Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
December 27-30, 1910. 
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M=av pt+b, 


where a and 3) are constants and p is the pressure. 
No simple relation has been found connecting the currents at all of the 
pressures. 
UNIVERSITY OF MINNESOTA. 


THE EFFECT OF DISTANCE UPON THE ELECTRICAL DISCHARGE BETWEEN 
A POINT AND A PLANE.! 


By O. Hovpa. 


HE potentials required to start a current between a point and a 

plane, and the currents flowing for different voltages up to 20,000 

volts, were measured for distances ranging from 5 mm. to 500 mm., 
the diameter of the plane used being 330 cm. 

The starting potentials, while increasing quite rapidly with distance 
for the shortest distances used, were found to approach a constant value 
for the longest distances. For the large distances, too, the current in- 
creases very slowly with increase of voltage. 

The results for all of the distances can be expressed quite well by 
Warburg's formula, 


Cc VV —-— MM), 


k 
~ qh 
where & is a constant, d the distance between point and plane, V the 
potential, and MV the starting potential. 


UNIVERSITY OF MINNESOTA. 


A LECTURE ELECTROSCOPE FOR RADIOACTIVITY.! 
By JOHN ZELENY. 


HE electroscope consists of a vertical charged plate near which hangs 
a gold-leaf suspended from one of two horizontal plates, the other 
of which is earthed. The space between the two plates forms the ioni- 
zation chamber. The radiations may enter this chamber from the side 
or the radioactive substance may be placed in a shallow dish on the lower 
plate in the usual way. The vertical charged plate is pushed so near to 
the gold-leaf that the latter is attracted to it and after receiving a charge 
from the plate is repelled. The charge given to the leaf produces a field 
between the two plates and when an ionization current flows the leaf 
gradually sinks until it is again quite suddenly pulled to the plate, again 
repelled and so on in pendular fashion. Between two contacts with the 
1 Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
December 27-30, 1910. 
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plate the leaf system has lost a definite quantity of electricity, and the 
times between such contacts under different conditions are a measure of 
the corresponding ionizations. When the whole is projected upon a 
screen the effects are readily followed by a class. 


UNIVERSITY OF MINNESOTA. 


A VARIABLE HIGH RESISTANCE OF INDIA INK ON PAPER.! 
By FRANz A. AUST. 


NDIA ink rulings on a strip of paper make a convenient form of resist- 
ance for regulating the voltage or current froma static machine and for 
othersmall current high potential work. The maximumresistanceis limited 
by that of the paper used. A range from .o1 megohm to 20,000 megohms 
is readily obtained on a single strip of paper 3 by 45 cm. The paper 
strip is stretched between two insulating supports at one of which the 
high potential terminal is attached. A slide giving a metallic contact 
with the paper strip forms the second terminal. When the strip is made 
of drawing paper the current which may be passed through it is limited 
to about .2 milliampere, but if asbestos paper is used currents as high 
as 25 milliamperes may be employed with strips only 3 cm. wide. 


UNIVERSITY OF MINNESOTA. 


EFFECT OF WAVE FORM UPON INCANDESCENT LAmps.! 
By M. G. LLoyp. 


T is shown on theoretical grounds that the power consumption, the 
candlepower and the life of incandescent lamps depends upon the 
wave form of the current or voltage used to operate them. The magni- 
tude of the effect depends upon the heat capacity of the filament and upon 
the frequency, as well as upon the wave form. A typical case chosen for 
illustration was between sinusoidal current and continuous current. 
With metal filaments the power consumed is less with alternating current, 
while with carbon it is greater. In both cases, however, the candle- 
power is greater with alternating current, and the life is shorter. Experi- 
mental investigation indicates that at frequencies of sixty cycles or higher 
the effects will not be appreciable with commercial lamps, and even at 
twenty-five cycles the heat capacity of carbon is sufficiently high to 
prevent observable effects. With a twenty-five watt, 120-volt tungsten 
lamp at twenty-five cycles the power consumption was found to be 0.16 
per cent. less with alternating current than with direct current, whereas 
the candlepower was 1.6 per cent. greater. 
1 Abstract of a paper presented at the Minneapolis meeting of the Physical Society, 
December 27-30, I910. 





